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Abstract 





A hardenability test bar selectively quenched from 
both ends has been developed to provide correlations with 
the thermal histories of quenched plates that correspond 
more closely than is possible with the standard single end 
quench specimen. For those steels where the pearlitic 
reaction may be avoided but which transform partially or 
wholly under the same cooling conditions to acicular 
structures of the bainite type, this test should be useful 
in predicting behavior at the section center, since the 
mechanical properties at the center of symmetrical double 
end quench specimens may be determined. Experimental 
cooling curves are reported and a chart of specimen di- 
mensions versus the thickness of plates quenched in agi- 
tated water is included. 























ITHIN recent years, metallurgical application of the single 

end quench test originated by Jominy (1) to (7)* has be- 

come of increasing interest for the evaluation of hardenability as 
affected by variations of analysis, of grain size, and of mass. 

The single end quench test supplies excellent and duplicable in- 

formation concerning response to heat. treatment under limited con- 

ditions of heat transfer. It is usually possible to establish a posi- 










'The figures appearing in parentheses pertain to the references appended to this paper. 
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tion at a given distance from the end of this test bar whose hard- 
ness will correspond in practice to the center hardness, for example, 
of any quenched section. Unless the cooling of this particular point 
is sufficiently rapid to develop maximum hardness, or unless it cor- 
responds closely to that of the selected section—there is no assurance 
that identical metallographic structures have been achieved. 

It is well known that, where the maximum mechanical properties 
of a particular steel in a given hardness range may be attained by 
tempering a martensitic structure, increasing the section size (i.e., 
decreasing the quenching rate) to an extent that will allow partial 
transformation to ferrite or increasing the alloy content to a degree 
that will inhibit the full austenite transformation during quenching 
and tempering, will usually result in inferior ductility, impact, and 
other test values. Since, as will be shown, a selected position of the 
single end quench test bar [for which the cooling rate at 1300 degrees 
Fahr. (705 degrees Cent.) corresponds to that at the center of a 
quenched plate] will have a different cooling rate in a critical trans- 
formation zone below 1000 degrees Fahr. (540 degrees Cent.) for 
some deep hardening steels, and that even this rate will be changed 
by compositional variations (Fig. 7), it is evident that the present 
test possesses limitations. 

Appreciation of the importance of relating cooling or quenching 
rates to the transformation characteristics portrayed by the Bain S- 
curves has suggested the development of an end quenching tech- 
nique to accomplish the reliable and convenient reproduction of plate 
cooling curves, without resorting to full-scale sections, and which 
would also furnish a transverse central zone of uniform thermal 
history susceptible to mechanical and metallographic examination. 
It was proposed, therefore, that the simple expedient of quenching 
the test bar simultaneously from both ends, as the length, diameter 
and perhaps shape were changed, would permit the establishment of 
a family of cooling curves from which those corresponding to par- 
ticular sections could be selected for laboratory investigation. It was 
recognized that, while variations of composition would unquestion- 
ably change the shapes of the test bar cooling curves according to 
the temperatures at which partial or complete transformation oc- 
curred, it was probable that, once the dimensions of the double end 
quench test bar had been established to approximate the cooling of 
the section under investigation for a constant analysis, a general 
equation for the time-temperature relationships between section and 
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test bar size would follow that would be independent of composition. 

Experimental evidence supporting this hypothesis is presented 
in this paper, which is the initial report of an extended investigation 
of the relation of hardenability, quenching rate, and section size 
to the mechanical properties of cast alloy steels after various heat 
treatments. 


EXPERIMENTAL PROCEDURE 


Although it is usually possible to select a point at some distance 
from the water-cooled end of the 4-inch single end quench test bar 
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Fig. 1—Comparison of Plate with Single and Dquble End Quench Cooling 
Curves. Quenched from 1650 Degrees Fahr. 


that has the same cooling rate at a designated temperature as a given 
location in any other shape or section, it is also evident that the 
cooling curves at reference points of metal sections quenched from 
one face and from two or more faces will be different. To illustrate, 
a point $3 inch along the single end quench specimen has the same 
cooling rate at 1300 degrees Fahr. (705 degrees Cent.) as the center 
of a 1% by 10 by 10-inch plate, quenched in agitated water (Fig. 1). 
The test bar, however, cools progressively more slowly in the lower 
temperature ranges. The total time to cool from 1400 to 250 degrees 
Fahr. (760 to 120 degrees Cent.) exceeds that of the plate by 6% 
minutes. 


Since plate quenching is characterized by heat loss from two 
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1~Double End Quench Specimen 2~ Centering Pin 

3~ Ye" Diameter Orifice 4~ Centering Slot 

5~ V-Knife Edge Specimen Support 

6~ Vertical Adjustment to Accommodate Specimens of Different Diameters 
?- Horizontal Adjustment to Accommodate Specimens of Different Lengths 
8 --- -- of Location of Orifice 


Fig. 2—Double End Quenching Fixture. 
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Fig. 3—Double End Quench Specimen. 


directions, it was logical to consider cooling the hardenability bar 
from both ends. Initial efforts to accomplish this demonstrated the 
superiority of a horizontal specimen over one held vertically during 
quenching. When it became apparent that the cooling at the $$-inch 
point of the 4-inch specimen could not be sufficiently modified to 
conform to that of the 1%-inch plate below 1000 degrees Fahr. 
(540 degrees Cent.), shorter test bars were tried. Further experi- 
ments showed that the center cooling curves of double end quench 
specimens and of plates were of similar form, and it became desir- 
able to investigate the extent of this correlation. 

The modified quenching fixture (Fig. 2), in which the test bar 
rests on two V-knife edges, may be adjusted to accommodate the 
several specimen sizes. Rate of water flow, from a 50-gallon tank 
overhead, is regulated to 450 cubic inches per minute, equivalent to a 
linear velocity of 194 feet per minute, from each %-inch diameter 
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Fig. 4—Center Cooling Curves (4; Inch Below Surface) for Double End 


Quench Test Bars of a Manganese-Chromium-Molybdenum Steel, Quenched 
from 1650 Degrees Fahr. 


orifice. The water temperature is maintained at 75 + 5 degrees Fahr. 

The cupped ends of the test bar (Fig. 3) confine the quenching 
to these faces. A small center pin to facilitate handling serves also 
to orient the specimen in the quenching unit. To avoid scaling dur- 
ing heating, heat resistant alloy cups, containing a thin graphite 
disk, are placed over each end of the specimen. 

The test bar, thus protected, is charged into a hot furnace, aus- 
tenitized at the selected temperature for the required time, trans- 


ferred as quickly as possible to the fixture, and quenched simul- 
taneously at both ends. 


CooLING CURVES 


To determine the cooling curves, a No. 22-gage chromel-alumel 
thermocouple was welded to the specimen at the selected location and 
the test bar quenched as described. A Leeds and Northrup “Speedo- 
max” recorder furnished a continuous graph of cooling from which 
the time-temperature data were plotted in more convenient form. 
Cooling curves have been obtained at the center (45 inch below 


the surface) of double end quench specimens? 11% to 7% inches long 


“Distance between quenched faces is employed to identify double end quench test bar 
length. Overall length including “cups’’ is % inch greater. 





een ; —— 


6 TRANSACTIONS OF THE A. S. M. Vol. 35 


Table I 
Double End Quench Tests 
Reproducibility of Cooling Data 


Specimens Quenched from 1650 Degrees Fahr. 
(Mn-Cr-Mo Cast Alloy Steel) 
Time in Seconds 


He ee a Esa, 
‘Temp. D.E.Q.—3%” x 1” Diameter D.E.Q0.—5%” x 1%” Diameter 
°F. (1) (2) (3) (4) (1) (2) (3) (4) 
1400 45 35.5 36.5 35 54.0 60.0 50.0 53.0 
1300 61 53.0 51.7 52.6 89 94 87 92 
1200 78 68.7 68.5 69 128 126 122 128 
1100 96 85 86.2 85.9 161 166 155 163 
1000 113 104 102 105 199 204 195 205 
900 136 126 126 127 250 253 244 255 
800 164 154 153 157 334 329 323 327 
700 210 203 206 203 424 420 406 412 
600 255 244 243 243 494 487 472 482 
500 290 278 281 281 563 559 543 551 
400 338 321 321 318 655 646 623 638 
300 384 376 376 373 765 759 740 743 
200 470 458 462 456 941 930 910 930 
Cooling data transposed to 1 second at 1400 degrees Fahr. 
1400 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
1300 17 18.5 16.2 18.6 36 35 38 40 
1200 34 34.2 33 35.0 75 67 73 76 
1100 52 51 50.7 51.9 108 107 106 111 
1000 69 70 67 71 146 145 146 153 
900 92 92 91 92 197 194 195 203 
800 120 120 118 122 281 270 274 275 
700 166 169 171 168 371 361 357 360 
600 211 210 208 208 441 428 423 430 
500 246 244 246 246 510 500 494 499 
400 294 287 286 283 602 587 574 586 
300 340 342 341 338 712 700 691 691 
200 426 424 427 421 888 871 861 878 
Table IA 


Center Cross Sectional Hardness Exploration 





Double End Quench—7%” x 2” Diameter Specimens 





to Chemical Composition—Per Cent 
Heat No. G Mn S Si Ni “r Mo Al 
1 0.31 0.82 0.028 0.035 0.55 0.05 0.10 0.36 0.038 
2 0.31 1.12 0.025 0.030 0.62 0.05 0.32 0.37 0.047 
3 0.32 1.29 0.026 0.029 0.60 0.08 0.44 0 38 0.053 
4 0.31 1.75 0.029 0.031 0.68 0.07 0.58 0.41 0.053 
Tranverse 
Distance —_ Heat No.———__, 
from Center 1 2 3 4 

Inches ————__Hardness—Rce Scale———_—"__ 

a  utexdaensdhbedxa water 18.5 33.0 37.5 42.5 

OS a re 18.0 35.0 38.0 43.0 

Pe ac ae 19.0 34.5 38.5 45.0 

Ee : nd he be eels bah icba’s 19.5 33.5 38.0 47.0 

BN le ai ed eR ote Bae 18.5 33.5 36.0 46.0 

 Tigitsésscenst anes aaa 17.5 34.0 37.0 45.5 

Da? -scauauiidowest care kets 19.0 32.5 37.0 45.0 

-: ened add SOs seneeeionwed 18.0 33.0 37.0 45.0 

IN ts 5 tit le is lis wn io ee 18.5 34.5 37.5 44.0 

Oe > es eae ee 19.0 33.5 38.0 43.0 

De Site gine sels othe il baiaes 20.0 34.0 39.0 43.0 

Dn + Aba ys sihedien & ddbele oad 17.0 33.5 39.5 43.0 

Tt: dee o:0'e-aegmihien dei b Oko 19.5 33.0 40.0 vita 
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Fig. 4A—Comparison of Center and Surface Cooling Curves Midway Be- 
tween Ends of Double End Quench Specimens of a Manganese-Chromium- 
Molybdenum Steel. 
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Fig. 5—Time to Cool at Center (5 Inch Below Surface) of Specimen to Indicated 
Temperature Versus Length of D.E.Q. Test for a Manganese-Chromium-Molybdenum 
Cast Steel. 





of a Mn-Cr-Mo steel (Fig. 4). While each plot represents the 
average of several experiments, the excellent reproducibility of in- 
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Fig. 6—Effect of Diameter on Cooling 2%-Inch Double End Quench Bar. 
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Fig. 7—Effect of Composition Upon Center Cooling Curve 
for 7%- Inch Double End Quench Test Bar. All Curves 


Teammate to 1 Second at 1400 Degrees Fahr. Quenched 
from 1650 Degrees Fahr. 


dividual determinations is evident in Table I. To eliminate slight 
variations in the time-temperature data caused by differences in the 
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Fig. 9—Center Cooling Curves for 2%-Inch and 57%-Inch Specimens of S.A.E. 
1045 Steel Double End Quenched from 1650 Degrees Fahr. 


time of transfer from furnace to quench, 1400 degrees Fahr. (760 
degrees Cent.) was chosen as an arbitrary point of reference above 
the Ar’ range. The cross sectional uniformity of cooling rates at 
the longitudinal center of the several double end quench specimens 
is demonstrated by the center and surface (3); inch below) cooling 
curves in Fig. 4A. The transverse hardness surveys of Table 1A 
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Fig. 10—Isothermal Transformation Diagram for S.A.E. 1050 Steel. (0.50 Per 
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at the center of 77-inch test bars double end quenched from 1650 

degrees Fahr. offer further confirmation with changing hardenability. 

For this Mn-Cr-Mo steel, an essentially linear logarithmic plot 

(Fig. 5) of time to cool to a designated temperature from 1400 de- 
grees Fahr. versus length of the double end quench test bar obtains 
from 1% to 3% inches, on 1-inch diameter specimens. To extend 


*United States Steel Corporation, ‘“‘Atlas of Isothermal Transformation Diagrams.” 
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this relationship, it was necessary to increase the diameters of the 
5% and 7%-inch tests to 11% and 2 inches respectively, indicating 
that a maximum length-diameter ratio of approximately 4:1 should 
be observed to avoid extraneous radial cooling effects. The close 
correspondence of the center cooling curves (Fig. 6) from 23¢-inch 
test bars of 1 and 2-inch diameters indicates that the minimum ratio 
is not critical. 

From Fig. 5, the center cooling curve for any double end quench 
test bar length, within the range of the available data on this particu- 
lar Mn-Cr-Mo steel, can be interpolated. That the matching of cool- 
ing curves cannot be expected if different alloys are involved is 
illustrated by a comparison of an alloy steel, a carbon steel, and gray 
cast iron (Fig. 7). 

The essentially complete linearity in Fig. 5 for this Mn-Cr-Mo 
steel is a fortunate convenience, but it should not be construed as a 
general relationship for all compositions. For comparison, a similar 
graph has been prepared for S.A.E. 1045 steel (Fig. 8). The origi- 
nal cooling curves appear in Fig. 9. The linearity obtains here only 
before and after complete transformation. 

The “S” curves in Figs. 10 and 11 are typical of these two steels. 
Although they are based on isothermal quenching, they will serve to 
explain the basic cooling differences in Figs. 4 and 9, since the re- 
action curves for a continuous or finite cooling rate would lie below, 
and to the right of, the corresponding curves on the isothermal dia- 
gram. 

The S.A.E. 1045 steel, when quenched from the austenitic con- 
dition, will begin to transform above 1000 degrees Fahr. (540 de- 
grees Cent.) unless cooled very rapidly. The reaction itself is fast 
and will be manifested by the familiar arrest in the cooling curve, 
which results in a definite break in the linear time-temperature-length 
relationship in Fig. 8. If this steel is cooled quickly enough to avoid 
the pearlitic reaction, no transformation is expected until the mar- 
tensite point is reached. 

The transformation of the Mn-Cr-Mo steel (Fig. 11) is easily 
avoided above 1000 degrees Fahr. (540 degrees Cent.), except for 
very slow quenching rates. While rapid cooling is necessary to ob- 
tain a completely martensitic. structure since transformation starts 
relatively quickly below 1000 degrees Fahr. (540 degrees Cent.), 
the reaction rate is sufficiently slow that only a small but observable 
modification is noted in the cooling curve. In more conventional 
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tated W ta with those of Selected Double End Quench Specimens. Quenched from 
1650 Degrees Fahr. 


terms, the heat of transformation has been released at lower tempera- 
tures and distributed over a wider range because of the alloy content 
of the more complex steel. 


CORRELATION WITH PLATE COOLING CURVES 


The center cooling curves for 7%, 1%, and 1%-inch plates, 
quenched in agitated water, are compared with those for selected 
double end quench specimens in Fig. 12. Since heavy scaling intro- 
duced serious variables, all plates were sand blasted prior to each 
heat treatment. 

The times of cooling at the center of the several plate sections 
(Fig. 12) from 1400 to 1200 degrees Fahr. (760 to 650 degrees 
Cent.) (%-inch, 4.3 seconds; 1%-inch, 7.0 seconds; 1%-inch, 12 
seconds) were applied to the 1200-degree Fahr. line of Fig. 5 to 
establish the double end quench test length corresponding to each 
section. The interpolated center cooling curves for 1.25, 1.60 and 
2.15-inch test specimens were then plotted in Fig. 12 together with 
those of the respective plates. 

Since composition largely controls the conditions of heat evolu- 
tion caused by transformation during cooling, it is essential, for 
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purposes of strict correlation, that the comparisons be made on the 
same material. The plate cooling curves (Fig. 12) for deep harden- 
ing material comparable to that of the test bars, but not of identical 
alloys, will suffice however to demonstrate the nature of the agree- 
ment until more adequate data are available. Since the rate of cool- 
ing above the temperatures for transformation is governed by the 
heat conductivity of the material, by the section size and by the 
quenching conditions, the close correspondence of the plate and test 
bar cooling curves above 700 to 900 degrees Fahr. (370 to 480 de- 
grees Cent.) in Fig. 12 is excellent. 
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Fig. 13—Relationship Between Plate Thickness 
and Double End Quench Test Bar Length for 
Plates Quenched in Agitated Water. Length-diam- 
eter ratio of 4:1 must not be exceeded for double 
end quench test bars. 

While transformation is occurring, other variables in addition 
to composition, such as heterogeneity from segregation, grain size, 
and distribution of nucleating centers, will likely modify the cooling 
characteristics. It would probably be necessary, for complete match- 
ing of the thermal histories, to obtain the double end quench speci- 
mens not only from the same material but from the same plates 
with which they are to be compared. The advantages and limitations 
of this requirement are discussed later. 

In comparison, the obvious deviation from the plate cooling 


curve of the corresponding location ($$ inch from the water-cooled 
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Fig. 14—-As-Quenched and As-Tempered Hardness Surveys for DEQ—2% Inch by 
2-Inch Diameter Specimens of a Manganese-Chromium-Molybdenum Steel. 


end) on the single end quench was previously indicated (Fig. 1). 
The divergence in cooling in the lower temperature ranges may be 
critical for those deeper hardening steels whose transformation is 
easily avoided above 1000 degrees Fahr. (540 degrees Cent.) but 
which transform partially or completely under the same cooling con- 
ditions to acicular products below 900 degrees Fahr. 

While the shapes of the cooling curves are affected by chemistry, 
the relationship between double end quench test bar length and plate 
thickness (Fig. 13), for a designated quench, is considered to be 
independent of composition, although this must be further examined 
empirically. To extend the present correlation, the determination of 
the center cooling curves for heavier plates is currently planned. 
Comparison with similar data from other investigations not yet re- 
leased for publication indicates that this curve may be extrapolated 
with confidence for simple as well as for alloy steels. 

The present double end quench test bar was developed spe- 
cifically to match the thermal histories at the center of flat plates. 
The correlation for other sections has not been determined. The 
possible modifications in the shape of the test bar and/or of the 
quenching technique which might permit similar correlations with 
other types of sections may be such as to limit the broader applica- 
tions of the technique. 


REPRODUCIBILITY OF MECHANICAL PROPERTIES 


Although the double end quench test bar center cooling data 
(Table 1) exhibited excellent reproducibility, this was further in- 
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Mechanical Properties 


Comparison of Immersion Quench and Double End Quench for Similar Center Hardness, 
As-Quenched 
(All Specimens Obtained from 2%” Diameter x 10” Bars) 


ae Che mical Composition—Per Cent ———___, 

Cc Mn P S Si Cr Mo 

0.25 1.44 0.016 0.010 0.53 0.54 0.33 
Yield Ult. Tens. 7% % Hard- 
Strength* Strength Elong. Red. ness 
Psi. Psi. in 2” Area BHN 

Immersion Quenched 1%” x 1%” x 4%” Bars™ 

Average of 8 tests 138,780 148,884 16.4 48.9 321 
Minimum _136,500_ _ 146,070 15.5 _ 47.5 321 
Maximum 142,000 151,750 17.5 50.6 321 


D.E.Q.—2%%” x 2” Diameter Test Bars® 
% Elong. 


in 1” 
Average of 8 tests 130,320 143,695 16.8 51.4 302 
Minimum : 128,000 141,600 16.0 49.5 _286 
Maximum 132,800 146,700 18.0 53.9 321 


Note: *(a) Heat Treatment: 1850 Degrees Fahr.—8& Hours—Air Cool 
1650 Degrees Fahr.—2 Hours—Oil Quench: 42-43 Re Center 
1050 Degrees Fahr.—6 Hours—Air Cool 
.505” diameter tensile specimens—2.0” gage length 
(b) Heat Treatment: 1850 Degrees Fahr.—8 Hours—dAir Cool 
1650 Degrees Fahr.—2 Hours—D.E.Q. to 200 Degrees Fahr.: 
42-44 Re Center 
1050 Degrees Fahr.—6 Hours—Air Cool 
.252” diameter tensile specimens—1.0” gage length 





*Drop of Beam. 





vestigated with respect to: 1. As-quenched hardness; 2. As-tempered 
hardness ; 3. Mechanical properties. 


Four 2'%-inch diameter by 10-inch bars, heated over the full 
length, were poured from the same heat of Mn-Cr-Mo steel. After 
homogenizing (1850 degrees Fahr.—8 hours—air cool), each bar 
was sectioned to provide two double end quench 234 by 2-inch 
diameter specimens from one half, and two 1% by 1% by 4%- 
inch samples from the other. The latter received a normal heat 
treatment (full immersion oil quench from the hardening tem- 
perature followed by tempering for 6 hours), while the hardenability 
bars were double end quenched to 200 degrees Fahr. Four of these, 
from alternate positions in the original cast bars, were tempered 
immediately, while the remaining four were allowed to air cool 


to room temperature. Longitudinal hardness surveys (Fig. 14) 
were made upon two ground flats spaced 180 degrees apart. Two 
0.252-inch diameter by 1.0-inch gage length tensile specimens were 


machined and tested from each quenched and tempered double end 
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quench test bar for comparison with standard 0.505-inch diameter by 
2.0-inch gage length specimens from the immersion quenched and 
tempered slices. The reproducibility of the mechanical properties 
is shown in Table II. 

The variations from the mean in the as-quenched and as-tem- 
pered center hardness of the double end quench test bars (Fig. 14) 
appear to contradict the fine agreement indicated by the cooling data. 
Further examination of these and other specimens has shown, how- 

60 
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1650 °F - 20 Min. - binge or Double 
End Quench to Room Temp. 





O 10 20 30 40 50 60 
Re~ 13/16" From Quenched End-E-Q.-4" 


Fig. 15—Comparison of Re Hardnesses at Positions 
on Single and Double End Quench Specimens Equivalent 
on the Basis of Cooling Rate at 1300 Degrees Fabhr. 
Hardenability Data are from Thirty-Three Cast Alloy 
Steel Heats. 


ever, that these variations resulted from heterogeneity of the cast 
material rather than from poor test reproducibility. The deviation 
in mechanical properties at the center of the double end quench test 
bars is no greater than that obtained for standard tensile bars. 


PRACTICAL APPLICATION 


The cooling rate at 1300 degrees Fahr. (705 degrees Cent.) is 
frequently employed as a criterion of quenching speed. The time 
required to cool from the temperature of quenching to some arbi- 
trary level, such as 900 degrees Fahr. (480 degrees Cent.), also has 
served the same purpose. Correlation of these data for single end 
quench specimens (with technique standardized under A.S.T.M. 
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Designation A255-42T), and for various sections such as are em- 
ployed industrially, has provided a basis for predicting the harden- 
ing characteristics of production parts. These criteria are quite 
useful for estimating the behavior of steels that transform above 
900 to 1000 degrees Fahr. (480 to 540 degrees Cent.) as it can be 
shown that the cooling curves coincide closely above these tempera- 
tures. 

If large amounts of alloying elements are present, as will be 
necessary for full hardening of heavy plates, prevention of the 
pearlitic transformation above 900 degrees Fahr. (480 degrees 
Cent.) is expected with any reasonably effective quench. Whereas 
simple steels that avoid the pearlitic reaction will usually transform 
to martensite, alloy steels may partially or wholly develop an acicu- 
lar structure of the Bainite type because of the difference in shape 
of the respective “S” curves (Figs. 10 and 11). Thus for precise 
work, when acicular transformations are encountered, exact match- 
ing of cooling curves below, as well as above, 900 degrees Fahr. 
(480 degrees Cent.) may be desirable. The double end quench spec- 
imen and technique provide this matching for plates. 

The hardnesses of comparable locations in the two different end 
quench specimens on the basis of cooling rate at 1300 degrees Fahr. 
(705 degrees Cent.) are compared in Fig. 15. The more rapid cool- 
ing of the double end quench test bar below 900 degrees Fahr. (480 
degrees Cent.) is reflected in the somewhat higher hardnesses for 
those deep hardening steels that transform below this temperature. 
Practical experiments may establish that there is sufficient similarity 
for utility in many applications. However, certain factors indicate 
that caution is necessary. There is no assurance that similar hard- 
ness values mean similar structures. Mixtures (8) of different con- 
stituents may produce identical hardness but with quite different 
mechanical properties. Therefore, it is suggested that the double 
end quench specimen may be employed to predict behavior for the 
combination of heavy plate sections, of alloy steels that may not 
harden completely, and of critical requirements for certain mechanical 
properties in the center of the section. 

Fig. 13 will allow selection of the double end quench specimen 
length that will closely match the center cooling of a given plate. 
A longitudinal hardness survey of the quenched specimen will then 
permit an excellent prediction of the cross sectional hardness of the 
plate, either as quenched or after tempering, without the necessity for 
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heat.treating an inconveniently unwieldy plate or for assuming that 
a point on the single end quenched specimen is representative of the 
center of the plate at the same hardness level. After the hardness sur- 
vey, the double end quench specimen may be machined to provide one 
or more tensile or impact specimens, and the mechanical properties 
measured directly. While this probably is not important for full 
hardening steels, it can be of vital concern in delineating the harden- 
ability limitations if transformation begins in the range where sepa- 
rate ferrite rejection is possible. 

While a separately cast bar may provide identical quenching rates 
and composition it does not insure heterogeneity similar to that of 
a heavy section with different solidification characteristics. As heter- 
ogeneity (9) is a factor influencing hardenability, this can become an 
important consideration in testing cast steels although it may be 
negligible for hot-worked alloys of similar composition. In many 
instances sound double end quench specimens machined from full 
size plates may be employed. 

The efficiency of the cooling medium should also be considered. 
Variations in the severity of quench disturb the relationship of Fig. 
13, which was developed for an agitated water bath at 95 degrees 
Fahr. With still water or oil, different double end quench specimen 
lengths would be required. Cooling of the quenched end of the 
hardenability specimen is so efficient that its rate of heat transfer 
probably exceeds the range in commercial practice. Compensation 
by lengthening the bar is thus a logical control measure. 

If mechanical properties at the center of a plate are important 
and the double end quench specimen is employed to predict these, 
the probability that test pieces separately cast will furnish maximum 
properties, within grain size and heterogeneity limitations, should be 
noted. The cast bar is designed for soundness; the plate frequently 
contains at least microscopic shrinkage porosity. If properties re- 
flecting all the variables in the actual plate are required, the double 
end quench specimens should be taken from it. This is seldom ad- 
visable, however, as the erratic results caused by either microscopic 
or macroscopic porosity are difficult to interpret: all itivestigations 
should be predicated upon sound test specimens. 


SUMMARY AND CONCLUSIONS 


1. Double end quench specimens and a hardenability testing 
technique have been developed and described. 
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2. Cooling curves for the comparison of single and double end 
quench specimens with lightly scaled plates quenched in agitated wa- 
ter have been obtained. 

3. A useful correlation of specimen dimensions versus plate 
thickness, based on center cooling curves, has been presented. 

4. Utility of the double end quench specimen for determining 
mechanical properties after typical plate heat treatment has been 
indicated. 

5. Special applications where the double end quench technique 
may be superior to the single end quench practice have been sug- 
gested, and several variables discussed. 

6. Future research might profitably extend the test bar length: 
plate thickness relation to heavier sections and delineate what allow- 
ances, if any, should be made for different quenching conditions. 

7. Application of the 4: 1 length: diameter ratio as employed for 
the double end quench bars might increase the utility of single end 
quenched specimens, which are currently limited to a useful length 
of 2 to 2% inches. 

8. The problem of plate heterogeneity and its duplication in a 
separate test bar should also receive attention. 
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DISCUSSION 


Written Discussion: By J. L. Waisman, metallurgist, and W. T. Snyder, 
assistant metallurgist, Douglas Aircraft Co., Inc., Chicago. 

The authors are to be congratulated on developing their modification of the 
Jominy end quench test. They seem to have evolved an excellent means for 
accurate predictions on water-quenched plates. 

Our work has shown us time and time again that the use of the standard 
end quench curve for making accurate predictions of the structure of oil- 
quenched bars is very limited for steels exhibiting a rapid intermediate trans- 
formation. This lack of accuracy is found for correlations based either on 
equivalent hardnesses or on equivalent cooling rates at 1300 degrees Fahr. (705 
degrees Cent.). Accuracy in structural predictions with this type of steel (ex- 
hibiting a rapid intermediate transformation) would be expected only if the 
family of oil-quenched cooling curves were identical with those of the stand- 
ard end quench test. Such, unfortunately, is hardly ever the case. The same 
limited structural correlations for some steels and quenching conditions which 
caused the writers to develop their new modification has also prompted us to 
use a somewhat similar modification. Although our test was sufficient for our 
needs, it was not as fully developed as the writers’. Two uses to which we 
put our test may suggest similar possibilities to the writers: 

1. A considerable amount of interrupted quenching is done on heavy plates. 
The interruption of the quench may have two effects. First, the temperature 
gradient between surface and center will decrease. Secondly, an intermediate 
product may form in some steels which would not be found in any continuous 
cooling. An interruption of the standard end quench will cause a heat flow 
from hot to cold end. This heat flow may not be at all similar in magnitude 
to the heat flow from center to surface in an actual plate, and the standard 
end quench test therefore cannot be used to duplicate the conditions present in 
an interrupted quench. One of the chief advantages of our test was to duplicate 
interrupted quenching. The authors’ test apparently can also be used to pro- 
duce an accurate duplication of cooling curves during an interrupted quench. 
Has this been attempted ? 

2. We notice that, from Fig. 13, the length of the double end quench bar 
is somewhat greater in each case than the thickness of the equivalent plate. 
We wonder if it would not be possible to use a double end quench bar exactly 
equal to the thickness of the equivalent plate by changing the rate of water 
flow and/or by insulating the surfaces exposed to the air? If this were pos- 
sible, specimens could be cut directly from plate thickness with their axes per- 
pendicular to the plane of rolling (or plate surface) so that any segregation 
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present in the plate is in an equivalent location in the double end quench bar. 
A low hardenability core would be easily picked up by this method, whereas 
the present method of cutting the bar may miss it entirely. Since it is this 
center to surface segregation which is usual in rolled plates, such a modifica- 
tion may minimize the possibility of errors due to segregation mentioned by 
the authors. 

Finally, do the authors think that oil could be used as the cooling medium 
in their test to more closely duplicate the oil quench family of cooling curves? 


Authors’ Reply 


It is interesting that Messrs. Waisman and Snyder have encountered the 
same structural discrepancies between oil-quenched bars and the single end 
quench test that initiated the development of the double end quench correlation 
for flat plates. 

Cooling curves have not been obtained for interrupted quenching tech- 
niques, but the test bar or plate may be time quenched to any desired tempera- 
ture. Plant practices for alloy steel plates involved time quenching to 400 to 
500 degrees Fahr. (205 to 260 degrees Cent.) in still water. The less severe 
quench is evident from a comparison of laboratory and plant practices: 

Quenching Time for Casting 
to Reach 400 to 500 degrees Fahr. 
(Austenitized 1650 degrees Fahr.) 


2-inch Plate (Plant—Still Water ) 160 seconds 
1%-inch Plate (Laboratory—Agitated Water) 118 seconds 
D.E.Q.—2.15-inch Test Bar 113 seconds 


The need for test bars longer than the equivalent plate thicknesses for the 
smaller sizes introduces a difficulty in employing specimens cut from trans- 
verse sections of actual plates that has not yet been surmiounted. Studies in- 
volving the use of composite bars, which have short sections welded to the 
ends, are in progress. If satisfactory heat flow across the weld junction can be 
attained it is anticipated that bars cut transversely from a plate may be ex- 
tended in length to provide the correlating specimen without sacrificing the cast 
plate center structure. 

Little variation in quenching rate with changing water flow has been dis- 
covered within usual limits; it is controlled but its modification has not been 
considered of value or importance. Substitution of oil for water appears prac- 
tical if the liquid is employed in a closed system. Cooling curves for this tech- 
nique are not available, however. 

Insulation of the air-cooled cylindrical face will retard the cooling of the 
specimen but the quantitive effect has not been delineated. 
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ISOTHERMAL TRANSFORMATION AND END-QUENCH 
HARDENABILITY OF SOME NE STEELS 


By R. L. Ricxett, J. G. Cutton, C. B. BERNHART, JR., 
AND J. R. MILLIKIN 


Abstract 


The isothermal transformation diagram was deter- 
mined for each of the following NE steels: 8620, 8744 
(8642), 8949, 9420, 9442, 9540, 9642 and 9650; and for 
comparison the end-quench hardenability of these or sim1- 
lar steels was measured. 

These isothermal transformation diagrams are of the 
general type previously found for many S.A.E. alloy 
steels. All exhibit a bulge, to the right, in the end-of- 
transformation line, usually in the neighborhood of 1000 
degrees Fahr. (540 degrees Cent.). In this same temper- 
ature range there is a “shelf” or “secondary nose” in the 
curve which represents the beginning of ferrite-carbide 
aggregate formation. The presence of this “shelf” means 
that it is possible to obtain intermediate-temperature trans- 
formation products in such steels on continuous cooling, 
provided the cooling rate is within a particular range. 

The microstructure of these NE steels when isother- 
mally transformed likewise resembles that of some S.A.E. 
alloy steels. At temperatures above about 1000 degrees 
Fahr. (540 degrees Cent.) proeutectoid ferrite and pearl- 
ite are formed. Around 900 to 1000 degrees Fahr. acicu- 
lar ferrite containing “dots’’, presumably carbide particles, 
forms; in some of the steels this is followed by formation 
of a dense, dark-etching constituent during the later 
stages of transformation. At still lower temperatures an 
acicular iron-carbide aggregate (bainite) is formed. The 
appearance of these transformation products, particularly 
those formed at 1000 degrees Fahr. (540 degrees Cent.) 
and below, varies with the carbon content of the steel. 

The end-quench curves indicate the relative harden- 
ability that would be predicted from the isothermal trans- 
formation diagrams; NE 8949 and NE 9540 are particu- 


A paper presented before the Twenty-sixth Annual Convention ef the So- 
ciety held in Cleveland, October 16 to 20, 1944. Of the authors, R. L. Rickett 
is associated with the Research Laboratory, U. S. Steel Corporation of Dela- 
ware, Kearny, N. J.; J. G. Cutton is with the Carnegie-Lllinois Steel Corp., 
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Illinois Steel Corp., Irvin Works, Vandergrift, Pa.; and J. R. Millikin is now 
serving in the U. S. Army Air Forces. Manuscript received May 31, 1944. 

22 











HARDENABILITY OF NE STEELS 


larly deep hardening steels. The curve for NE 9650 ex- 
hibits a “hump” associated with a change in type of trans- 
formation product which can be explained on the basis of 
the isothermal transformation diagram for this steel. The 
isothermal transformation diagram furnishes much more 
information than the end-quench curve, but the latter is 
a more precise measure of hardenability; to a considerable 
extent the isothermal transformation diagram and end- 
quench test supplement each other. 


INTRODUCTION 


HE isothermal transformation diagram is now being used ex- 

tensively in connection with practical heat treating, particularly 
in normalizing or annealing treatments employed to produce a defi- 
nite hardness or microstructure desired for some subsequent opera- 
tion, such as machining. As an example, at one steel mill it has been 
found that, for alloy steel, the use of annealing schedules based on 
isothermal transformation data resulted in a substantial saving in 
time and expense as compared to the slow cooling cycles formerly 
used. When the NE (National Emergency) steels were first pro- 
posed, little was known concerning their isothermal transformation 
behavior and many requests for such data were received. Conse- 
quently, we determined the diagram for eight representative steels, 
including two carburizing grades, NE 8620 and NE 9420, and sev- 
eral in the 0.40 to 0.50 per cent carbon range. A few of these dia- 
grams have been issued previously ;* others are given here for the 
first time. 

In addition to isothermal transformation diagrams, the end- 
quench hardenability curve for several of the steels is also presented. 
In some instances, however, the stock used in the isothermal trans- 
formation work was not large enough in cross section to permit mak- 
ing standard end-quench specimens; in these instances other steels 
of similar composition were used. These end-quench curves are in- 
cluded for comparison with the isothermal diagrams; also, they may 
be useful to those accustomed to evaluate the heat treating character- 
istics of a steel from its end-quench hardenability curve. 

Changes made in the NE steels from time to time as the avail- 
ability of alloying elements varied or experience indicated such 
changes to be desirable have made some of the steels obsolete, in a 


Atlas of Isothermal Transformation Diagrams,’ U. S. Steel Corporation of Dela- 
ware, Pittsburgh, 1943. 
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sense, even before their properties and degree of usefulness were 
fully established. Some of the steels included in the present investi- 
gation are in this category, but the information given concerning 
them may still be found useful since some of them do not differ too 
greatly from steels that are now being used. Moreover, there is now 
available only a limited amount of data regarding the effect of spe- 
cific combinations of alloying elements on isothermal transformation 
behavior, and further information of this sort should lead to a better 
understanding of the functions of alloying elements in steel. 


STEELS INVESTIGATED 


Table I presents the composition of the steels used; these were 
selected to represent the principal NE types available at the time the 
work was done. Steels NE 8744, NE 8949, NE 9642 and NE 9650 


Table I 
Ca of Steels Used 





| 


S-Curve or 


| 
° 
3 
z 
2 


-Per Cent (Check pe O ERS | 


Steel Hardenability* Cc Mn ‘Ss i Cr Ni Mo Zr 
NE8620 Both 0.18 0.79 0.021 0.023 0.31 0.56 0.52 0.19 é 
NE8744 Both 0.44 0.90 0.019 0.031 0.25 0.54 0.44 0.22 end 
NE8949 Both 0.52 1.19 0.021 0.028 0.28 0.51 0.53 0.35 cane 
NE9420 Both 0.24 0.94 0.020 0.032 0.47 0.34 0.30 0.14 Jevare 
NE9435 E- 0.38 1.06 0.016 0.029 0.55 0.35 0.31 0.15 obo es 
NE9442 S-Curve 0.38 1.08 pat pe aa we 0.70 0.40 0.34 0.11 0.030 
NE9540 S-Curve 0.38 1.45 5 inane hana 0.66 0.52 0.57 0.19 0.015 
NE9542 E- 0.44 1.36 0.018 0.036 0.53 0.53 0.49 0.24 oi 
NE9642 S-Curve 0.39 1.44 Sapale: seb ean 0.56 0.53 0.06 0.01 0.020 
NE9650 S-Curve 0.48 1.30 eatin s cine 0.59 0.54 0.06 0.01 0.025 
NE9650 E-O 0.51 1.38 0.019 0.039 0.51 0.53 0.04 0.03 me's 


2 *End- rae ee (E-Q). 


have since been discontinued. The NE 9420, NE 9435, NE 9442, 
NE 9540 and NE 9542 steels used in this investigation are higher in 
silicon than the range 0.20 to 0.35 per cent now specified. This NE 
9420 steel is also higher in carbon than specified for that grade but 
within the range of NE 9422; the NE 9442 used is low in carbon 
and is more properly an NE 9437 or NE 9440. It should be noted 
that the NE 9442, NE 9540, NE 9642 and NE 9650 steels used in 
the isothermal transformation work contain zirconium, added, pre- 
sumably, as a deoxidizer. The effect this zirconium may have had 
on the isothermal transformation behavior is not known with cer- 
tainty but is believed to be slight. 

In Table IT are listed NE steels currently made that are similar 
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Table Il 
Current NE Steels* Whose Composition Includes or Approximates That of Steels 
for Which S-Curves Are Given 





er —_Composiition—Per Cent 


Steel Composition Cc Mn Si cr Ni Mo 
NE8620 Actual 0.18 0.79 0.31 0.56 0.52 0.19 
N E8620 Specified 0.18-0.23 0.70-0.90 0.20-0.35 0.40-0.60 0.40-0.70 0.15-0.25 
NE8720 Specified 0.18-0.23 0.70-0.90 0.20-0.35 0.40-0.60 0.40-0.70 0.20-0.36 
NE9420 Actual 0.24 0.94 0.47 0.34 0.30 0.14 
NE9420 Specified 0.18-0.23 0.80-1.10 0.20-0.35 0.30-0.50 0.30-0.60 0.08-0.15 
NE9422 Specified 0.20-0.25 0.80-1.10 0.20-0.35 0.30-0.50 0.30-0.60 0.08-0.15 
NE9425 Specified 0.23-0.28 0.80-1.10 0.20-0.35 0.30-0.50 0.30-0.60 6.08-0.15 
NE8744 Actual 0.44 0.90 0.25 0.54 0.44 0.22 
NE8642 Specified 0.40-0.45 0.75-1.00 0.20-0.35 0.40-0.60 0.40-0.70 0.15-0.25 
NE8645 Specified 0.43-0.48 0.75-1.00 0.20-0.35 0.40-0.60 0.40-0.70 0.15-0.25 
NE8949 Actual 0.52 1.19 0.28 0.51 0.53 0.35 
NE9550 Specified 0.48-0.53 1.20-1.50 0.40-0.60 0.40-0.60 0.40-0.70 0.15-0.25 
NE9442 Actual 0.38 1.08 0.70 0.40 0.3 0.11 
NE9442 Specified 0.40-0.45 1.00-1.30 0.20-0.35 0.30-0.50 0.30-0.60 0.08-0.15 
NE9437 Specified 0.35-0.40 0.90-1.20 0.20-0.35 0.30-0.50 0.30-0.60 0.08-0.15 
NE9440 Specified 0.38-0.43 0.90-1.20 0.20-0.35 0.30-0.50 0.30-0.60 0.08-0.15 
NE9540 Actual 0.38 1.45 0.66 0.52 0.57 0.19 
NE9540 Specified 0.38-0.43 1.20-1.50 0.40-0.60 0.40-0.60 0.40-0.70 0.15-0.25 
NE9537 Specified 0.35-0.40 1.20-1.50 0.40-0.60 0.40-0.60 0.40-0.70 0.15-0.25 
*Specified compositions are as given in American Iron and Steel Institute Revised List 


of August 15, 1943. 


in composition to those for which isothermal transformation dia- 
grams are given. ‘The diagrams presented should be useful as a 
guide in the heat treatment of these “similar” grades of steel. 


PROCEDURE 


These isothermal transformation diagrams were determined by 
the metallographic method, which has been described elsewhere.* * 
Transformation was considered to have started when definite evi- 
dence of its occurrence could be detected in at least one out of every 
3 or 4 fields examined with the microscope. In many instances the 
length of time required to produce this much transformation was 
considerably less than for 1 per cent transformation, the criterion 
adopted by some other investigators. 

Another factor entering into the determination and interpreta- 
tion of the isothermal transformation diagram is segregation, which 
is of two types: (a) “microscopic” segregation, which leads to band- 
ing; (b) “macroscopic” segregation which results in a gradual 
change in composition from surface to center or top to bottom of the 
ingot. Either type may lead to rather marked differences in rate 


*E. S. Davenport and E. C. Bain, “Transformation of Austenite at Constant Subcritical 
Temperatures,’ Transactions, American Institute of Mining and Metallurgical Engineers, 
Iron and Steel Division, Vol. 90, 1930, p. 117-154. 


_8E. S. Davenport, “Isothermal Transformation in Steels,’ Transactions, American 
Society for Metals, Vol. 27, 1939, p. 837-886. 
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of transformation between portions of different composition. These 
specimens previously had been normalized but nothing further was 
done to minimize or eliminate segregation. So far as banding is 
concerned, in the diagrams presented here the “start of transforma- 
tion” line is based on the first bands to transform and the “end of 
transformation” line on the last bands to transform. An attempt 
was made to minimize the effect of over-all segregation (macro- 
scopic) by considering only that portion of the specimen representing 
the location midway between surface and center of the original bar. 
It should be recognized that if marked over-all segregation is pres- 
ent the rate of transformation in various parts of a bar may vary 
considerably from that in this midway location. 

The Ae, and Ae, temperatures shown on the isothermal trans- 
formation diagrams were determined to within + 5 degrees Fahr. 
by heating normalized specimens in molten lead at a series of selected 
temperatures. These specimens were held at temperature for 1 
to 4 hours, then quenched and examined metallographically; their 
hardness was also measured. In alloy steels, austenite, ferrite and 
carbide may exist in equilibrium over a temperature range; the Ae, 
temperature shown in the diagram is the lower limit of this range, 
the extent of which was not determined. 

The temperature at which martensite starts to form on quench- 
ing, the so-called Ms point, was not determined experimentally for 
any of these steels. An attempt was made to do so for NE 8620 and 
NE 9420 but was unsuccessful because of the rapid rate of isother- 
mal transformation at temperatures in the neighborhood of the ex- 
pected Ms point and at the higher temperature employed to temper 
any martensite that might have formed. The approximate Ms point 
for each of the higher-carbon steels, calculated from an equation* 
similar to that published by Payson and Savage,* is indicated roughly 
by the location of the lower end of the start-of-transformation line 
in the diagram for each of these steels. 

End-quench hardenability was determined in accordance with 


4P. Payson and C. H. Savage, ‘“‘Martensite Reactions in Alloy Steels,’’ Transactions, 
American Society for Metals, Vol. 33, 1944, p. 261-275. 


*The equation used is Ms(°F) = 965-570C-100Mn-30Ni-27Cr-110Mo, where C, Mn, 
etc., are the amount, in per cent, of these elements present in the steel. This equation, de- 
vised by T. W. Merrill and R. A. Grange of the U. S. Steel Corporation Research Labora- 
tory in 1940, is based on published data available at that time. For the particular steels to 
which it was applied, this equation gives values of the Ms temperature which differ by only 
2-25 degrees Fahr. from those calculated by means of the Payson and Savage equation. 
While later information indicates that this equation should be modified to be generally ap- 
plicable, it has been shown experimentally to give fairly reliable results when applied to 
medium-carbon low-alloy steels, as in this instance. 
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A.S.T.M. Specification A255-42T. Both regular (1-inch diameter) 
and Type L specimens of NE 8620 and NE 9420 were tested and 
regular specimens of the other steels. To protect them from scaling 
and decarburization they were heated in containers only slightly 
larger in diameter than the specimens and were covered with pow- 
dered charcoal. Total time in the furnace was 1.5 hours, of which 
nearly 1 hour was required to bring the specimen up to tempera- 
ture. 


RESULTS 
Carburizing Grades, NE 8620 and NE 9420—The isothermal 


transformation diagrams for these two steels, Figs. 1 and 2, are quite 
similar. It should be noted that the time scale in these diagrams ex- 
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Fig. 1—Isothermal Transformation Diagram for NE 8620 
(Approx. NE 8720) Austenitized at 1650 Degrees Fahr. 


tends to 1,000,000 seconds which is a longer period than that cov- 
ered by the other diagrams. In both steels, transformation begins in 
less than 1 to 2 seconds at 1400 degrees Fahr. (760 degrees Cent.) 
or below. At temperatures above about 1000 degrees Fahr. (540 
degrees Cent.) the first product formed is ferrite, whereas at lower 
temperatures the initial transformation product is an aggregate of 
ferrite and carbide. In common with the diagrams for other steels 
that contain chromium or molybdenum, there is a bulge, to the right, 
in the end-of-transformation line; this bulge is more pronounced 
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and at a slightly lower temperature in NE 8620 than in NE 9420. 
In the temperature range 1200 to 1050 degrees Fahr. (650 to 565 
degrees Cent.), formation of ferrite-carbide aggregate starts some- 
what sooner in NE 9420 than in NE 8620. For both steels at tem- 
peratures above 1000 degrees Fahr. (540 degrees Cent.), transfor- 
mation is completed within less time at 1200 degrees Fahr. (650 de- 
grees Cent.) than at any other temperature; this, therefore, is the 
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Fig. 2—Isothermal Transformation Diagram for NE 9420 
(NE 9422-9425) Austenitized at 1650 Degrees Fahr. 


temperature at which these steels can be isothermally annealed in the 
shortest period of time. 

Microstructures of NE 8620 transformed isothermally at vari- 
ous temperatures are shown in Figs. 3 and 4; the structures of NE 
9420 are so similar that no photomicrographs were made. The prod- 
ucts of transformation at 1300 to 1000 degrees Fahr. (705 to 540 
degrees Cent.) (Fig. 3) are ferrite, pearlite, and isolated carbide 
particles. The pearlite formed is less distinctly lamellar and less 
easily resolved (finer) the lower the temperature at which transfor- 
mation occurs; on transformation at 1000 degrees Fahr. (540 de- 
grees Cent.) it tends to form a network pattern. A marked differ- 
ence in microstructure may be noted between the 1300 and 1200- 
degree Fahr. (705 and 650-degree Cent.) transformatioa products, 
Figs. 3A and 3B. Transformation products formed at 900 degrees 
Fahr. (480 degrees Cent.) and below are somewhat acicular, al- 
though after complete transformation at 800 degrees Fahr. (425 de- 
grees Cent.) (Fig. 4D) or 900 degrees Fahr. (480 degrees Cent.) 
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Fig. 3—Microstructure of NE 8620 Isothermally Transformed at 1300 to 1000 De- 
grees Fahr. Picral Etch. x 1000. 
(Fig. 4B) this acicular tendency may be only faintly evident. When 
partially transformed at 700 degrees Fahr. (370 degrees Cent.), 
Fig. 4E, the microstructure is somewhat different than after trans- 
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Fig. 4—Microstructure of NE 8620 Partially or Completely Transformed Iso- 
thermally at 900 to 700 Degrees Fahr. Picral Etch. x 1000. 


formation at higher temperatures. In Fig. 4E may be seen a blunt 
acicular product; this may be martensite formed when the specimen 
cooled to 700 degrees Fahr. (370 degrees Cent.), and subsequently 
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tempered at that temperature. After complete transformation, Fig. 
4F, the microstructure consists of these blunt needles and another 
product which probably formed isothermally and is similar to that 
formed at 800 degrees Fahr. (425 degrees Cent.), Fig. 4D. 
End-quench hardenability curves for these two steels, Fig. 5A, 
are very similar; hardness at the quenched end is slightly higher in 
NE 9420, because of its higher carbon content, than in NE 8620. 
Both steels are shallow hardening because of the low carbon content. 
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Fig. 5—End-Quench Hardenability of NE 8620 and NE 9420. 


However, as shown in Fig. 5B which is based on the results: of 
metallographic examination, martensite is present even near the 
slowly cooled end of specimens of each steel. This martensite is 
greater in amount in the more slowly transforming bands but is by 
no means confined to them. The curves shown in Fig. 5B also 
indicate that the relative hardenability of the two steels varies ac- 
cording to the degree of transformation for which the comparison 
is made. 

Medium-carbon Mn-Cr-Ni-Mo Steels—Isothermal transforma- 
tion diagrams for four steels of this type, NE 8744, NE 8949, NE 
9442 and NE 9540, are given in Figs. 6 to 9. These diagrams, which 
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extend to 100,000 seconds, exhibit several features in common. One 
of these features is the bulge, to the right, in the end-of-transforma- 
tion line, which is also present in the NE 8620 and NE 9420 diagrams 
(Figs. 1 and 2); another is the “shelf”, at approximately 1000 de- 
grees Fahr. (540 degrees Cent.), in the line which represents the 
start of carbide formation. A third feature of all the diagrams, ex- 
cept that for NE 8744 (Fig. 6), is a change in type of transforma- 
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Fig. 6—Isothermal Transformation Diagram for NE 8744 
(NE 8642-8645) Austenitized at 1550 Degrees Fahr. 


tion product which is represented by a heavy dashed line within the 
A+F-+C field. This change is discussed in more detail below in 
connection with the diagram for NE 9650. This line is not shown 
in the diagram for NE 8744 (Fig. 6), though that steel also under- 
goes a similar change in type of transformation product, because the 
exact location of the line was not established satisfactorily. For all 
four steels in the temperature range above 1000 degrees Fahr. (540 
degrees Cent.), transformation is most rapid at about 1200 degrees 
Fahr. (650 degrees Cent.) and hardness after complete transforma- 
tion at this temperature differs little among them. 

Although for NE 8744 (Fig. 6) the pearlite “nose” is at about 
100 seconds, ferrite begins to form in a much shorter time. A fairly 
fast cooling rate is required, therefore, if formation of high-tempera- 
ture transformation products is to be avoided completely. Since this 
steel is within the NE 8642-8645 composition range, it is of interest 
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Fig. 7—Isothermal Transformation Diagram for NE 8949 
(Approx. NE 9550) Austenitized at 1550 Degrees Fahr. 










NE 9442 
G & C 038 Mn 108 
800 


+ SFL + $070 Grad 
I} [Ai | MW O34 Mogi! 
Zr 0030 





600 


Temperature 
YD 
8 
Hardness- Rr 


400 


O5 } § 10 10? 103 jo* jos 
Time, Seconds 


Fig. 8—Isothermal Transformation Diagram for NE 9442 
(NE 9437-9440) Austenitized at 1575 Degrees Fahr. 


to compare Fig. 6 with Fig. 1, the diagram for NE 8620, keeping in 
mind that in Fig. 1 the time scale extends to 1,000,000 seconds, but 
in Fig. 6 to only 100,000 seconds. These two diagrams show that 
the effect of lower carbon on transformation above 1000 degrees 
Fahr. (540 degrees Cent.) is to move the beginning line to the left 
without greatly affecting the ending line; below 1000 degrees Fahr. 
(540 degrees Cent.) the ending line is also moved to the left. 
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The diagram for NE 8949, Fig. 7, is consistent with the known 
deep-hardening character of this steel. Even the lower “nose’’, at 
about 900 degrees Fahr. (480 degrees Cent.), is quite far to the 
right in the diagram, which indicates that fairly large sections may 
be quenched without obtaining any intermediate-temperature trans- 
formation product. The suppression of ferrite formation and of 
transformation in the intermediate temperature range is partially due 
to the relatively high carbon content of this steel. 

NE 9442, Fig. 8, is similar to NE 8744 (Fig. 6) in its isother- 
mal transformation behavior, except that it transforms a little more 
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Fig. 9—Isothermal Transformation Diagram for NE 9540 
(NE 9537) Austenitized at 1525 Degrees Fahr. 
rapidly, particularly at temperatures around 900 to 1200 degrees 
Fahr. (480 to 650 degrees Cent.). 

The diagram for NE 9540, Fig. 9, is somewhat like that for NE 
8949, Fig. 7, as would be expected since these two steels are of the 
same general type. A comparison of the diagram for NE 9540, Fig. 
9, with that for NE 8744, Fig. 6, illustrates the effect of manganese ; 
in the former (1.45 per cent manganese) the ferrite line, the begin- 
ning-of-pearlite line, and the 900-degree Fahr. (480-degree Cent. ) 
“nose” of the diagram are considerably to the right of the corre- 
sponding parts of the diagram for NE 8744 (0.90 per cent manga- 
nese ). 

The microstructures of these steels when isothermally trans- 
formed are, in general, similar to those of S.A.E. 4140, which have 

















1945 


been described in the literature.* ° 


Rockwell C0" Hardness 


HARDENABILITY OF NE STEELS 


| 
| 
Fe a km ae he pee tex 
| 


NE 9542°| | NE 8949 


— 


I Ni AE 8744 


$ — 


i } i | 9s ® mes j | } i 
NE 9435 * Srresetienliadipamidbaaaeels 
+—1NE 9440) -—+— + + + 


& 


S S aor NM Mo eng 
0016 0029 055 O35 031 GI5 1580 
OO19 0031 O25 O84 044 022 1580 
NE 9542 044 136 OO1B 0036 053 O53 049 024 1525 
NE 8949 052 0021 0028 028 O51 O53 O35 1525 


0 4 8 I2 16 20 24 28 32 36 
Distance From Quenched End of Specimen, Sixteenths of Inch 


Type GrainSize C Mn P- 
NE 9435 038 106 
NE 8744 044 090 
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Fig. 11—Isothermal Transformation Diagram for NE 9642 


Austenitized at 1525 Degrees Fahr. 


tent those found in NE 9650 which are described below. 


SE. S. Davenport, “Transformation in S.A.E. 4140,”" Metat Procress, Vol. 38, 1940, 


End-quench hardenability curves for these same steels or simi- 
lar ones are shown in Fig. 10. The relative hardenability of the four 
steels is the same as would be expected from the isothermal trans- 
formation diagrams. The end-quenched specimens of NE 8949 and 


p. 171, 177. 


They also resemble to some ex- 
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NE 9542 hardened throughout practically their whole length. The 
other two steels, NE 9435 (similar in composition to NE 9442) and 
NE 8744 are not as deep hardening; metallographic examination of 
the specimens revealed, however, that some martensite is present in 
each as far as 2% inches from the quenched end and that this mar- 
tensite is not confined solely to the more slowly transforming bands. 

Medium-carbon Mn-Cr-Si Steels—Two steels of this type, NE 
9642 and NE 9650, were investigated with results presented in Figs. 
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Fig. 12—Isothermal Transformation Diagram for NE 9650 
Austenitized at 1525 Degrees Fahr. 


11 and 12 which are very similar, as would be expected, since the 
steels differ only slightly in composition, mainly in carbon and man- 
ganese content. In the lower carbon steel, transformation begins 
slightly sooner than in the higher carbon steel but there is little dif- 
ference between them in the time required for complete transforma- 
tion. For both steels, the hardness after complete transformation in- 
creases in normal fashion as the transformation temperature de- 
creases, except between 1000 and 800 degrees Fahr. (540 and 425 
degrees Cent.), in which range there is an anomalous drop in hard- 
ness which has been noted in other steels and which is associated 
with the marked change in microstructure described below. 

In Fig. 13 are shown the microstructures of NE 9650 austeni- 
tized at 2000 degrees Fahr. (1095 degrees Cent.), then isothermally 
transformed at various temperatures. The purpose of using this 
relatively high austenitizing temperature was to coarsen the austenite 
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Fig. 13—Microstructure of NE 9650 Austenitized at 2000 Degrees Fahr. and 
Completely Transformed Isothermally at 1200 to 800 Degrees Fahr. Picral Etch. 


< 


grains (average grain size 5) and thus render the course of subse- 
quent isothermal transformation somewhat easier to follow metal- 
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Fig. 14—Change in Type of Isothermal Transformation 
Product at 900 Degrees Fahr. in NE 9650 Austenitized at 2000 
Degrees Fahr. Picral Etch. X 2000. 


lographically. In the temperature range from 1300 degrees Fahr. 
(705 degrees Cent.) down to 1100 degrees Fahr. (595 degrees 
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Cent.), pearlite and a small amount of proeutectoid ferrite are 
formed, the pearlite being finer and the amount of proeutectoid fer- 
rite being less the lower the transformation temperature. Transfor- 
mation at 1000 to 900 degrees Fahr. (540 to 480 degrees Cent.), 
however, yields an increased amount of ferrite (see Figs. 13C-13E) 
which is evidently responsible for the drop in hardness in this range. 
To some extent these microstructures are representative of the other 
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Fig. 15—End-Quench Hardenability of NE 9650. 


medium-carbon NE steels investigated. In those of lower carbon 
content, however, more ferrite is formed at temperatures above 1000 
degrees Fahr. (540 degrees Cent.) than in NE 9650. 

In Figs. 11 and 12, as in the diagrams for most of the other 
medium-carbon steels, the heavy dashed line drawn within the 
A+F-+C field in the 1000 to 900-degree Fahr. (540 to 480-degree 
Cent.) region represents a change in the type of transformation 
products which has been discussed previously in the literature.* ° 
This change for NE 9650 at the 900-degree Fahr. (480-degree 
Cent.) level is illustrated in Fig. 14. The first product to form, Fig. 
14A, is acicular ferrite within which are black dots, presumably 
carbide particles, a structure sometimes referred to as the “X” con- 
stituent. As transformation proceeds, the amount of this product 
increases and the concentration of black dots within it becomes 
greater, Fig. 14B. Eventually, as shown in Fig. 14C, there appears 
a different type of product which occurs as a partial network in prior 
austenite grain boundaries and as a “chunky” dark-etching constit- 
uent at the boundaries and within prior austenite grains. 

The end-quench hardenability curve of NE 9650, shown in Fig. 

SE. S. Davenport, R. A. Grange and R. J. Hafsten, ‘‘Influence cf Austenite Grain Size 


Upon Isothermal Transformation Behavior of S.A.E. 4140,” Transactions, American In- 
stitute of Mining and Metallurgical Engineers, Vol. 145, 1941, p. 301-314. 
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15, exhibits a curious “hump”, between B and D, which is not a 
peculiarity of the specimen nor of the method of testing; it is real 
and is related to the transformation characteristics of the steel.’ 
Fig. 16 shows the microstructure of the end-quenched specimen at 
the locations designated A, B, C and D in Fig. 15. The microstruc- 
ture at A, Fig. 16A, consists of martensite with ferrite and a prod- 
uct similar to that formed isothermally at 800 degrees Fahr. (425 
degrees Cent.), Fig. 13F. At point B on the curve, the microstruc- 
ture (Fig. 16B) indicates considerably more transformation than at 
A and fine pearlite is just beginning to appear. At location C the 
transformation is not much greater than at B but a much larger por- 
tion of the transformed product is fine pearlite, as shown in Fig. 16C. 
As already noted, in this steel fine pearlite is harder than the product 
formed at slightly lower transformation temperatures, hence the 
“hump” in the end-quench hardness curve. At point D of the curve, 
transformation is nearly complete, which accounts for the hardness 
being lower than at C. G. T. Williams* also reports a similar change 
in microstructure associated with the hump in an end-quench harden- 
ability curve for a manganese-chromium-nickel steel. 

In Fig. 17 cooling curves for points A, B, C and D of the NE 
9650 end-quench bar are represented schematically in relation to the 
isothermal transformation diagram for this steel. The cooling curves 
shown are not the actual curves for these locations since to truly 
represent transformation as it occurs on continuous cooling such ac- 
tual curves would have to be superimposed on a cooling transforma- 
tion diagram rather than an isothermal transformation diagram. 
Rather, the schematic cooling curves in Fig. 17 are based on the 
microstructures observed in the end-quenched specimens as inter- 
preted on the basis of the isothermal diagram and a knowledge of 
the resulting transformation products. 

As illustrated by the foregoing example, the isothermal trans- 
formation diagram and the end-quench hardenability test often serve 
to supplement one another. The isothermal transformation diagram 
furnishes a concise and fairly complete picture of the transformation 
characteristics of the steel, which is useful in planning the heat treat- 
ment required to meet .a specific need. This type of diagram has 


7TDiscussion by E. S. Davenport and R. L. Rickett of TP 1662—“Effect of Several 
Variables on the Hardenability of High Carbon Steels,” by E. S. Rowland, J. Welchner 
and R. H. Marshall, presented at the February 1944 meeting of the American Institute of 
Mining and Metallurgical Engineers. 


8G. T. Williams, ‘‘Hardenability Variations in Alloy Steels—Some Investigations with 
the End-Quench Test,”” Transactions, American Society for Metals, Vol. 28, 1940, p. 


157-182 
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Fig. 16—Microstructure of End-Quenched Hardenability Specimen of NE 9650 at 
Locations A, B, C and D of Fig. 15. Picral Etch. x 1000. 


also been found very useful in interpreting the results of various 
heat treatments or even results of the hardenability test itself. In 
addition, the isothermal transformation diagram indicates, as has long 
been recognized, the hardenability of a steel in a qualitative way; 
it is not ordinarily a very precise measure of hardenability, however, 
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because of limited accuracy in determining the short period of time 
before transformation starts at the “nose” of the diagram for most 
steels. The end-quench hardenability test, despite its limitations, 
offers a much more precise measure of hardenability than does the 
isothermal transformation diagram. Naturally, if the end-quench 
test is to be reliable, it must be carefully conducted and the specimen 
properly selected so that the surfaces along which hardness is meas- 


Temperature 





O51 2 510 J02 103 1o4 JOS 
7ime, Seconds 


Fig. 17—Schematic Representation of the Cooling of Points 
A, B, C and D of the NE 9650 End-Quenched Bar (Fig. 15) in 
Relation to the Isothermal Transformation Diagram for this 
Steel. 


ured are really representative of the steel being tested. It is possible 
by metallographic examination of the end-quenched specimen to de- 
termine the microstructures produced by cooling continuously, as in 
most actual heat treatments, at any rate within a fairly wide range. 
This method is worthy of much more general use than at present, 
since it is the microstructure and not the hardness that is directly re- 
lated to the properties of most general importance. In many in- 
stances, however, the microstructures observed in the end-quenched 
specimen are difficult to interpret without the information furnished 
by the isothermal transformation diagram. 

It may also be said that the isothermal transformation diagram 
indicates the general pattern of the heat treating characteristics of a 
steel. A diagram for one steel of each general type is sufficient for 
the purpose since this pattern is not greatly affected by minor varia- 
tions in composition. The precise location of the various portions of 
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the diagram are, of course, affected by such variations but this is 
seldom of practical significance since isothermal transformation data 
are quantitatively applicable only to isothermal heat treatments. 
Quantitative hardenability, in terms of hardness or microstructures, 
can best be determined by some direct hardenability test, one of 
which is the end-quench method. Such a test requires less time to 
make than is required to determine an isothermal transformation 
diagram and it could conceivably be made on each lot of steel. If 
it is to be of any value, however, this test should be conducted in 
such a way that the result actually indicates the hardenability of the 
lot and not, for instance, the hardenability at only one location with- 
in the original ingot. This feature is one of the more serious limita- 
tions of the end-quench test made, as it often is, on bars forged or 
rolled to nearly the same diameter as the end-quench specimen. 
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DISCUSSION 


Written Discussion: By L. Luini, metallurgist, Wright Aeronautical 
Corp., Paterson, N. J. 

The authors have presented a very valuable addition to the subject of sub- 
critical transformations in steel and the results will have immediate application 
in commercial heat treating practices. 

Segregation has been pointed out as an influential factor in the determina- 
tion of reaction rates. The authors have dealt with the banding type of segre- 
gation by basing the start of transformation on the first bands to transform 
and the end of transformation line on the last bands to transform. This I be- 
lieve will result in a diagram with a beginning line representing a steel of lower 
alloy content and an ending line representing a steel of higher alloy content 
than the chemical analysis of the steel indicates. The discrepancy in the re- 
action rates of different bands will depend upon the degree of segregation in the 
bands which may or: may not be appreciable. I would like to know if the au- 
thors found any large difference in the bands with respect to the beginning and 
ending of transformation. It has been shown by Payson’® that ferrite banding 


*P. Payson, ‘“‘The Annealing of Steel,” Jron Age, June and July, 1943. 
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occurs dependent upon the transformation temperature and is more pronounced 
at higher transformation temperatures. At 1100 degrees Fahr. (595 degrees 
Cent.) very little indication of banding could be observed. Is this the type of 
banding observed by the authors in their work? If it is, my reference above 
to the significance of the beginning and ending lines of transformation may not 
be pertinent. However, this is a point which I believe should be brought out. 

The macroscopic type of segregation may be eliminated as a variable by 
choosing that portion of a specimen with a reaction rate intermediate between 
the maximum and minimum rates observable in the original bar. This leads 
me to inquire as to the size of the specimen used in the isothermal determina- 
tions and the extent of segregation observed by the authors in their bars. The 
importance of the specimen size factor is augmented when low alloy steels are 
studied since the transformation is so rapid at about 900 degrees Fahr. (480 
degrees Cent.). When a steel begins to transform in less than 1 to 2 seconds 
at 1400 degrees Fahr. (760 degrees Cent.), it is quite conceivable that speci- 
mens, unless sufficiently small, will transform above bath temperature when 
quenching to temperatures between 1000 and 700 degrees Fahr. (540 and 370 
degrees Cent.). This condition will lead to transformation times and hard- 
nesses which are influenced by transformation prior to the time necessary for 
the specimen to reach bath temperature. 

The authors suggest that the suppression of ferrite formation in NE 8949 
steel is partially due to the relatively high carbon content. Davenport” and 
similarly Cruciger and Vilella” have demonstrated that increasing carbon con- 
tent is primarily effective in retarding the beginning of transformation in the 
lower temperature levels. It is to be noted that both manganese and molyb- 
denum are relatively high in this NE 8949 steel. Since both manganese and 
molybdenum are effective in retarding transformation in the higher temperature 
levels I would like to suggest that the suppression of the ferrite formation is 
due more to the presence of manganese and molybdenum than to the increase 
in carbon although the decrease in reaction rate in the lower temperature levels 
may be primarily due to the carbon content. 

The authors are to be complimented on their presentation of the micro- 
structures. It would be interesting and of practical importance to extend this 
type of work in the direction of correlations with transformations on a falling 
temperature. 


Authors’ Reply 


The authors want to thank Mr. Luini for his discussion of their paper. 

In reply to his questions regarding segregation, considerable of the band- 
ing type was present in all the steels investigated, as it is in most commercial 
alloy steels, and considerable difference in time was required for transformation 
of different bands. Segregation of this type can be minimized by suitable homo- 
genization of the steel but such treatments were not employed in this investiga- 


FE. S. Davenport, “Isothermal Transformation in Steels,’’ Transactions, American 
Society for Metals, Vol. 27, 1939, p. 837. 


my. R. Cruciger and J. R. Vilella, “The Isothermal Transformation of Case-Carbu- 
p. 195. 


rized S.A.E. 4815,’’ Transactions, American Society for Metals, Vol. 32, 1944, 
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tion because the diagrams were intended to apply to steels as commercially pro- 
duced. 

Davenport™ has reported the result of homogenization on transformation 
rate of a limited number of alloy steels and found that the time for beginning 
and end of transformation may be either longer or shorter than before homo- 
genization. The effect of inhomogeneity of composition upon transformation 
rate is by no means absent at temperatures below 1100 degrees Fahr. (595 de- 
grees Cent.) and, in these steels, was particularly noticeable after partial trans- 
formation at temperatures in the 900 to 1100-degree Fahr. (480 to 595-degree 
Cent.) range. After complete transformation in this temperature range, the 
effect of such segregation may no longer be as readily evident as it is after 
transformation at a higher temperature. 

Regarding the possibility of transformation during cooling to the bath 
temperature, we found no evidence of such transformation in the specimens 
used, which were 0.040 to 0.060 inch thick. 

Mr. Luini suggests that manganese and molybdenum rather than carbon 
are responsible for slowing the formation of ferrite in NE 8949. While man- 
ganese and molybdenum are important factors, carbon is undoubtedly the most 
important single element in its effect on rate and amount of ferrite formed on 
transformation. 

The authors agree that a correlation of the isothermal data with trans- 
formation on continuous cooling is highly desirable. One method of doing this 
is, of course, the determination of cooling transformation diagrams, which is 
somewhat difficult to carry out. Much useful information can be gained more 
simply by correlation of the isothermal transformation diagram with the micro- 
structures of end-quenched hardenability specimens, as discussed in the paper. 





12Same as reference 3 of paper. 
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THE EFFECT OF CARBON CONTENT ON 
HARDENABILITY 


By E. S. RowLanp, J. WELCHNER, R. G. HILL ANp J. J. Russ 


Abstract 


End quench hardenability determinations were con- 
ducted on two base analyses, namely S.A.E. 52XX and 
S.A.E. 46XX, with the carbon ranging in 0.20 per cent 
increments from approximately 0.20 to over 1.00 per cent. 

Normalized and annealed prior structures were 
studied for quenching temperatures of 1450 to 1700 de- 
grees Fahr. (790 to 925 degrees Cent.) and time at 1550 
degrees Fahr. (845 degrees Cent.) varying from 0 min- 
utes to 4 hours. The data are presented as the effect of 
carbon content on hardenability for the various conditions 
considered. The practical aspects of these results as affect- 
ing commercial heat treatments are evaluated and dis- 
cussed, 


INTRODUCTION 


N two previous papers the effects of time at quenching tempera- 

ture, quenching temperature and prior structure were determined 
for several low and intermediate carbon alloy steels (1)* and for 
three hypereutectoid steels (2). From the results of this work it 
was postulated that the direction of the change in hardenability with 
variation in time, temperature and prior structure could be predicted 
from a knowledge of the carbon content of the steel alone. The 
extent of the hardenability change was found to depend upon the 
amount and type of alloy present. The strong carbide formers pro- 
duced great changes in hardenability as the above three factors were 
varied while the solution alloying elements caused only comparatively 
minor variation. It became apparent from this that the hardenability 
behavior of a given steel was largely dependent upon the exact status 
of the carbide phase as affecting rate of solution in hypoeutectoid 
steels and as determining the nucleating effect of the excess carbides 
in hypereutectoid steels. 








*The figures appearing in parentheses pertain to the references appended to this paper. 


A paper presented before the Twenty-sixth Annual Convention of the So- 
ciety held in Cleveland, October 16 to 20, 1944. The authors are associated 
with the Metallurgical Department, Steel and Tube Division, The Timken 
Roller Bearing Company, Canton, Ohio. Manuscript received June 1, 1944. 
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While there are several general statements in the literature to 
the effect that hardenability increases with carbon content up to the 
eutectoid point and decreases with further increase in carbon, no 
quantitative data are available over the full range of commercial 
carbon contents when austenitized at normal heat treating tempera- 
tures. Digges (3) showed that the critical cooling rate of pure iron- 
carbon alloys decreases continuously with increase in carbon content 
under conditions of complete carbon solution, a circumstance which 
does not occur in commercial treatment of high carbon steels. 
Cruciger and Vilella (4) determined the S-curves for the core and 
case of carburized S.A.E. 4815 but again under conditions of com- 
plete carbon solution. Their austenitizing temperature of 1800 de- 
grees Fahr. (980 degrees Cent.) is far beyond any commercial hard- 
ening temperature for this analysis. Finally, Grossmann (5) in his 
determination of multiplying factors for calculating hardenability 
plotted the effect of carbon content at constant grain size up to about 
0.85 per cent carbon but stipulated that the values were valid only 
when complete carbon solution was attained. 

In view of the lack of quantitative information capable of accu- 
rate interpretation in terms of commercial heat treating conditions, 
it was decided to investigate the effect of carbon content on the 
hardenability of two alloy series, as well as the hardenability changes 
produced by variation in time, temperature and prior structure. One 
series chosen was based upon S.A.E. 52100 with carbon content 
ranging to below 0.20 per cent. The other was based upon S.A.E. 
4620 with carbon content varying to over 1 per cent. The choice of 
these series of steels was based upon two reasons. First, they repre- 
sent widely divergent alloy types, the 52XX series being a strong 
carbide former while the 46XX series is predominantly a solution 
alloy base; and second, the base analyses are the two steels most 
widely used in the anti-friction bearing industry. 


IX PERIMENTAL PROCEDURE 


Induction heats were melted in approximately 0.20 per cent 
carbon increments over the range of 0.20 to 1.00 per cent carbon in 
both alloy series. Since the product of a single 30-pound heat was 
not sufficient to investigate all conditions, duplicate sets were made 
and reserved for the effects of time at quenching temperature and 


quenching temperature, respectively. The chemical analyses are 
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given in Table I. All heats in the 52XX series were not aluminum 
treated in conformity with ordinary 52100 practice while all 46XX 
heats were treated with sufficient aluminum to confer fine-grained 
properties. 

The ingots were hammer forged to 1.25-inch diameter bars, cut 
in two, one half normalized 1 hour at 1650 degrees Fahr. (900 de- 
grees Cent.) and the other half annealed. Brinell hardnesses and 


Table | 
Chemical Analyses 





52XX SERIES—EFFECT OF TIME 


Heat % Mn P Ss Si Cr Ni Mo 
1356 0.18 0.35 0.013 0.024 0.28 1.43 0.27 Nil 
1357 0.41 0.37 0.011 0.024 0.34 1.47 0.26 Nil 
1358 0.61 0.36 0.012 0.026 0.40 1.48 0.26 Nil 
1359 0.81 0.35 0.012 0.023 0.37 1.48 0.27 Nil 
1360 0.92 0.35 0.013 0.023 0.37 1.49 0.26 Nil 
1412 1.09 0.33 0.011 0.020 0.32 1.59 0.27 Nil 
EFFECT OF TEMPERATURE 
1411 0.18 0.32 0.011 0.023 0.28 1.43 0.29 Nil 
1409 0.37 0.31 0.011 0.022 0.24 1.46 0.28 Nil 
1408 0.58 0.32 0.011 0.023 0.21 1.48 0.28 Nil 
1407 0.77 0.33 0.010 0.020 0.30 1.42 0.27 Nil 
1406 1.01 0.32 0.010 0.021 0.30 1.45 0.25 Nil 
1413 1.07 0.33 0.011 0.022 0.28 1.55 0.27 Nil 
46XX SERIES—EFFECT OF TIME 
1371 0.22 0.48 0.010 0.020 0.24 0.22 1.70 0.27 
1372 0.43 0.46 0.012 0.022 0.25 0.26 1.75 0.26 
1373 0.60 0.50 0.011 0.022 0.27 0.26 1.73 0.27 
1374 0.82 0.50 0.012 0.021 0.30 0.24 1.71 0.26 
1375 1.03 0.49 0.011 0.021 0.27 0.24 1.70 0.27 
EFFECT OF TEMPERATURE 
1401 0.15 0.50 0.010 0.024 0.28 0.25 1.76 0.23 
1402 0.29 0.45 0.010 0.023 0.16 0.23 1.74 0.23 
1410 0.39 0.47 0.010 0.023 0.24 0.23 1.76 0.23 
1403 0.59 0.50 0.010 0.024 0.28 0.23 1.74 0.23 
1404 0.79 0.49 0.010 0.023 0.27 0.22 1.76 0.23 
1405 1.03 0.48 0.010 0.023 0.24 0.23 1.75 0.24 








annealed structures are given in Table II. The intermediate carbon 
steels were allowed to develop some lamellae in conformity with 
commercial annealing practice. The normalized prior structures 
were all typical of small air-cooled bars. Four-inch long, collar- 
type end quench specimens were machined from the prior treated 
bars. The heat treating procedure used was the same as previously 
described (1) and will not be detailed here. Adequate precautions 
were taken against both decarburization and scaling of the end 
quench test. 

The effect of time at quenching temperature was investigated 
at intervals of 0, 10, 40 minutes and 4 hours from annealed and 
normalized prior structures of both alloy series. End quench tests 
were salt bath heated for the desired intervals at 1550 degrees Fahr. 
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(845 degrees Cent.), allowing 6 minutes for the specimens to reach 
temperature. The end quench and hardness testing procedures were 
in accordance with the A.S.T.M. specifications. 

The effect of quenching temperature on the two alloy series 
from both prior structures was investigated at 1450, 1500, 1550 and 
1600 degrees Fahr. (790, 815, 845 and 870 degrees Cent.). The 
normalized 46XX series was quenched from 1700 degrees Fahr. 
(925 degrees Cent.) as well, after a 1750-degree Fahr. (955-de- 
gree Cent.) normalize. 

Table " 
Hardness and Structure of Prior Condition 





52XX SERIES—EFFECT OF TIME 


Per Cent -~——Brinell Hardness 
Heat Carbon Normalized Annealed ——— ——Annealed Structure-- —— 
1356 0.18 152 111 30% Lamellar—70% Spheroidized + Ferrite 
1357 0.41 302 149 50% Lamellar—50% Spheroidized + Ferrite 
1358 0.61 302 156 Spheroidized—Trace to 5% Lamellar 
1359 0.81 321 170 Spheroidized—Few Dense Carbide Areas 
1360 0.92 331 179 Spheroidized—Fine to Medium Carbides 
1412 1.09 285 197 Spheroidized— Medium Carbides 
EFFECT OF TEMPERATURE 
1411 0.18 149 126 20% Lamellar—80% Spheroidized + Ferrite 
1409 0.37 207 149 10% Lamellar—90% Spheroidized + Ferrite 
1408 0.58 302 159 Spheroidized—Some Dense Carbide Areas 
1407 0.77 331 170 Spheroidized—Fine Carbides 
1406 1.01 285 197 Spheroidized—Fine to Medium Carbides 
1413 1.07 285 187 Spheroidized—Fine to Medium Carbides 
46XX SERIES—EFFECT OF TIME 
1371 0.22 170 149 Spheroidized—Very Fine Carbides 
1372 0.43 235 170 50% Lamellar—50% Spheroidized + Ferrite 
1373 0.60 262 187 Spheroidized—Trace Lamellar 
1374 0.82 321 192 Spheroidized—Few Dense Areas 
1375 1.03 321 207 Spheroidized—Fine Carbides 
EFFECT OF TEMPERATURE 
1401 0.15 163 149 Spheroidized—Trace to 5% Lamellar 
1402 0.29 187 170 20% Lamellar—80% Spheroidized + Ferrite 
1410 0.39 229 170 Spheroidized—Some Dense Carbide Areas 
1403 0.59 269 187 Spheroidized—Some Dense Areas 
1404 0.79 321 187 Spheroidized—Some Dense Areas 
1405 Be 


03 321 207 Spheroidized—Fine Carbides 








The specimens were protected in tubes and heated 40 minutes 
at the quenching temperature in a Hump furnace, allowing an addi- 
tional 20 minutes for the specimens to reach temperature. Due to 
the limited amount of material, only one specimen was run for each 
set of conditions and the average hardnesses of two flats used in 
constructing the curves. A maximum deviation of 2.5 points Rock- 
well C was considered an allowable error except in the region of the 
inflection point where deviations up to 4 points Re were allowed 
without duplicating the test. 

Fracture grain size was obtained under all conditions of time, 
temperature and prior structure by quenching 3¢-inch diameter by 2- 
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inch long specimens, fracturing and rating from a set of Shepherd 
standards. The values given in Table III are the averages of four 
independent observers. The ratings for the lowest carbon heats in 
both series at zero time and 1450 degrees Fahr. (790 degrees Cent.) 
temperature are not reliable as the presence of ferrite causes an 
apparent coarseness in the fracture. 


Table III 
Fracture Grain Size 








TIME AT TEMPERATURE 


























Per 52XX Series 
Heat Cent ——0 Min. ——10 Min.— 40 Min. . 4 Hours 
Carbon Ann. Norm. Ann. Norm. Ann. Norm. Ann. Norm. 
1356 0.18 #5 5 6 6 6% 6 6 6 
1357 0.41 7% 7 7 7 7 6% 6% 6 
1358 0.61 8% 8% 8 7 8 7 7 6 
1359 0.81 9% 9% 9 9% &le 9% 8 9 
1360 0.92 9% 10 9l4 9% 9 9% 8% 9 
1412 1.09 94 10 9 9% 9 9% Sle 9 
46XX Series 
1371 0.22 9 9 8% 9 84 9 8% 9 
1372 0.43 8% 8% 9 84 9 8% . ‘ 
1373 0.60 9 8% 814 9 9 9 8% 9 
1374 0.82 ‘ 8% 7% 9 8 8 8 8 
1375 1.03 8% 9 9 8 8% 9 8% 8% 
QUENCHING TEMPERATURE, DEGREES FAHR. 
Per 52XX Series 
Heat Cent 1450 1500 ie 1550 a 1700 
Carbon Ann. Norm. Ann. Norm. Ann. Norm. Ann. Norm. Norm. 
1411 0.18 5 4% 5% 7 5% 6% 5 6% 
1409 0.37 6% 7 6% 6% 6 7 6% 6% 
1408 0.58 8% 7% 7% 6% 7 6% 6% 6 
1407 0.77 9% 8% 9 9 8 8% 6% 6% 
1406 1.01 9% 10 9 9 8% 9 8 84 
1413 1.07 9 9 9 9% 9 9% 8% 9 
46XX Series 
1401 0.15 6% 7 6% 6% 6% 6% 6% 7 7 
1402 0.29 7% & 7 7 7 7 7 7 7 
1410 0.39 8% 7% 8 8 + 8 8 7% ~ 
1403 0.59 S 8 7% 8 7% 7% 7% 8 7% 
1404 0.79 84 9 7% 8% 7% 72 7 7 6% 
1405 1.03 8% 9% 8% 9% 7% 8% 6% 7 4% 





i 
i} 


PRESENTATION OF RESULTS 


Figs. 1 through 4 show the effects of time and quenching tem- 
perature variation on all heats of both alloy series from an annealed 
prior structure. The rate of solution of carbon with wmcrease in 
time at 1550 degrees Fahr. (845 degrees Cent.) can be followed by 
observing the progression of maximum hardness at the quenched 


end of the specimen until, in the higher carbon steels, the hardness 
reaches 66 Rockwell C. 


This simple relationship is obscured in the 
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Fig. la—Effect of 0 Min. at 1550 Degrees Fahr. on the Hardenability of 
the 52XX Series from the Annealed Condition. 
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Fig. 1b—Effect of 10 Min. at 1550 Degrees Fahr. on the Hardenability of 
the 52XX Series from the Annealed Condition. 
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Fig. lc—Effect of 40 Min. at 1550 Degrees Fahr. on the Hardenability of 
the 52XX Series from the Annealed Condition. 
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1d—Effect of 4 Hrs. at 1550 ~<a Fahr. on the Hardenability of 
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Fig. 2a—Effect of 1450-Degree Fahr. Quenching Temperature on the 
Hardenability of the 52XX Series from the Annealed Condition. 
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Fig. 2b—Effect of 1500-Degree Fahr. Quenching Temperature on the 
Hardenability of the 52XX Series from the Annealed Condition. 
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Fig. 2c—Effect of 1550-Degree Fahr. Quenching Temperature on the 
Hardenability of the 52XX Series from the Annealed Condition. 
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Fig. 2d—Effect of 1600-Degree Fahr. Quenching Temperature on the 
Hardenability of the 52XX Series from the Annealed Condition. 


ee 








1945 





CARBON CONTENT ON. HARDENABILITY 

















Bockwell 'C° Scale 











4 8 ee a aes ee ee 
Distance Fram Quenched End of Specimen, Sixteenths of Inch 


Fig. 3a—Effect of 0 Min. at 1550 Degrees Fahr. on the Hardenability of 
the 46XX Series from the Annealed Condition. 
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Fig. 3b—Effect of 10 Min. at 1550 Degrees Fahr. on the Hardenability of 
the 46XX Series from the Annealed Condition. 
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Fig. 3c—Effect of 40 Min. at 1550 Degrees Fahr. on the Hardenability of 
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lowest carbon steels studied by the presence of ferrite at the 
quenched end at short time intervals. The actual end quench curves 
for all conditions from a normalized prior state were not included 
because the maximum hardness at the quenched end was not affected 
by time at temperature or quenching temperature itself, except for 
the effect of ferrite solution at low quenching temperatures in the 
0.20 per cent carbon steels. 

Fig. 5 shows the effect of carbon content on the hardenability 
of both series as judged by the standard hardenability test—that is, 
normalized from 1650 degrees Fahr. (900 degrees Cent.) and end 
quenched from 1550 degrees Fahr. (845 degrees Cent.) after 40 
minutes at temperature. The results show clearly, as do all those 
from annealed prior structures, the rapid increase in hardenability 
with increasing carbon content to a certain maximum value and the 
even more rapid decrease in hardenability with further increase in 
carbon. 

In attempting to present in a minimum number of curves the 
large amount of hardenability data presented here, some criterion of 
hardenability must be established as a means of evaluating the 
results. The selection of an arbitrary hardness was not considered 
warranted because of the carbon content variation. With increase 
in time at temperature and, to a limited extent, quenching tempera- 
ture the hardness at 50 per cent martensite increases to a maximum 
for a given steel. After due consideration, the highest hardness 
corresponding to 50 per cent martensite at each carbon content and 
for all conditions of testing was selected as the hardenability criterion. 
The solid curve of Fig. 6 shows the variation of hardness at 50 per 
cent martensite with carbon content under conditions of long heat- 
ing times or high quenching temperatures. The values plotted 
represent both alloy series and were obtained by microscopic examina- 
tion of the end-quenched bars and by double differentiation of the 
end quench curves to obtain an accurate value for the inflection 
point. The dotted line represents Grossmann’s determinations on 
carbon steels. 

Using the solid curve of Fig. 6, the distance from the quenched 
end of the hardenability bar to the indicated hardness corresponding 
to the carbon content of the heat was accepted as the measure of 
hardenability and plotted as a function of carbon content for all 
conditions of test in Figs. 7 through 10. The effects of time and 
quenching temperature on the hardenability of the 52XX series are 
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shown in Figs. 7 and 8, respectively, and comparable information for 
the 46XX series in Figs. 9 and 10, respectively. In the latter series. 
the prior normalized 0.80 per cent carbon bars were nearly all air 
hardening and the hardenability could not be measured by this 
method, Some index of the behavior in this region can be obtained 
from Table IV, in which the hardnesses at 2 inches on the bar are 
given for the various conditions not shown in Figs. 9 and 10. 


Table IV 
Results of Tests Which Air-Hardened 
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Fig. 6—Harvdness of the 50 Per Cent Martensite Structures for Various 
Carbon Contents. 


Since different induction heats were used to investigate the 
effects of time and temperature in both series, the results were inter- 
locked by virtue of imposing one set of identical conditions for both 
groups of heats. The values for 40 minutes at temperature (1550 
degrees Fahr.) (845 degrees Cent.) should correspond to those at 
1550 degrees Fahr. (845 degrees Cent.) of the quenching tempera- 
ture series (40 minutes). The degree of correspondence is shown 
in Fig. 11 for both series and both prior conditions and is deemed 
satisfactory for all practical purposes. The maximum divergence is 
two sixteenths and occurs at carbon contents where the slope is 
great and at high hardenability values where the test is most sensi- 
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Fig. 7—Effect of Carbon Content on Hardenability of the 52XX Series as Influ- 
enced by Time at 1550 Degrees Fahr. 
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Fig. 8—Effect of Carbon Content on Hardenability of the 52XX Series as Influ- 
enced by Quenching Temperature (40 Minutes at Temperature). 
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Fig. 9—Effect of Carbon Content on Hardenability of the 46XX Series as Influ- 
enced by Time at 1550 Degrees Fahr. 
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Fig. 10—Effect of Carbon Content on Hardenability of the 46XX Series as Influ- 
enced by Quenching Temperature (40 Minutes at Temperature). 
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Fig. 11—Comparison of the Effect of Carbon Content on Hardenability of the 52XX 
and 46XX Series (40 Minutes at 1550 Degrees Fahr.). 


tive. The maximum experimental error in the results presented 
herein is, for this and other reasons, judged to be plus or minus one 
sixteenth inch. The error is considerably less than this except in 
the carbon range which produces high hardenability and under con- 
ditions of very short times at temperature. 


DISCUSSION OF RESULTS 


52XX Series—Considering first the 52XX series (Figs. 7 and 
8), the hypoeutectoid steels behave with respect to both time and 
temperature variation exactly as other steels previously investigated 
(1). The effect of time at temperature from the annealed state is 
tremendous while negligible from normalized prior structures below 
about 0.45 per cent carbon. With change in quenching temperature, 
normalized prior structures reach a substantially constant harden- 
ability somewhat above the Ac, temperature over this same carbon 
range while the annealed condition shows continuous hardenability 
increase with temperature except at very low carbon contents. As 
the carbon content increases above about 0.45 per cent, both the 
hardenability and its variation with time and temperature increase 
enormously. The hardenability increase in this region concurs with 
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the grain size change (Table III) but the latter does not explain the 
difference between the prior structures. 

The increments of carbon content used in this investigation were 
too great to obtain any precise information concerning either the 
hardenability value or the carbon content at which the maximum in 
the curve occurs under many conditions of time and temperature. 
In such cases the curves of Figs. 7 and 8 are dotted beyond the data 
points to indicate direction and are not continuous in the neighbor- 
hood of the maxima. It is possible, however, to arrive at a reason- 
ably close estimate of the carbon content at maximum hardenability 
by observation of the condition of the carbides in the quenched 
microstructure at both lower and higher carbon contents. 

The composition having maximum hardenability is considered 
to be the carbon value corresponding to the A,» line at the quench- 
ing temperature under conditions of substantial equilibrium with 
regard to carbon solution and assuming no proeutectoid carbide 
precipitation during quenching. A carbon content just less than the 
Acm line at the quenching temperature should show continuous car- 
bon solution with increasing time at temperature and eventually 
attain complete solution. A carbon content just beyond the Acm 
line under the same conditions should first show carbon solution and 
then carbide coalescence as time at temperature is prolonged. For 
example, the 0.61 per cent carbon prior normalized heat contains 
fine carbides at zero time at temperature (Fig. 12), less at 10 min- 
utes, just traces at 40 minutes (Fig. 13) and none at 4 hours. The 
0.81 per cent carbon heat decreases noticeably in number of car- 
bides up to 40 minutes (Fig. 14) while coalescence occurs at longer 
times (Fig. 15). All photomicrographs are at 1000 diameters mag- 
nification. All specimens were etched in electrolytic sodium picrate. 

As a result of these considerations the carbon content at maxi- 
mum hardenability was estimated to lie in close proximity to 0.70 
per cent carbon. While the hardenability value at this maximum is 
unknown it is suspected of being considerably higher than any com- 
positions investigated. As time at temperature is shortened the car- 
bon content corresponding to maximum _ hardenability should de- 
crease. This is indicated in Fig. 7 except for short times from 
annealed prior structures where the extent of carbon solution is 
quite small. 

The same relative conditions obtain for change in quenching 
temperature at constant time (Fig. 8). From a standpoint of car- 
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Fig. 12—52XX Series—0.61 Per Cent Carbon, 0 Minutes at 1550 Degrees Fahr. 

Fig. 13—52XX Series—0.61 Per Cent Carbon, 40 Minutes at 1550 Degrees Fahr. 

Fig. 14—52XX Series—0.81 Per Cent Carbon, 40 Minutes at 1550 Degrees Fabhr. 

Fig. 15—52XX Series—0.81 Per Cent Carbon, 4 Hours at 1550 Degrees Fahr. 

Fig. 16—52XX Series—1.09 Per Cent Carbon, 4 Hours at 1550 Degrees Fahr. 

Fig. 17—52XX Series—1.09 Per Cent Carbon, 4 Hours at_ 1550 Degrees Fahr. 
All Magnifications X 1000. All Specimens Etched in Electrolytic Sodium Picrate. Figs. 
12, 13, 14, 15 and 17 Normalized. Fig. 16 Annealed. 
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bide condition, the 0.58 per cent carbon heat contains no visible 
carbide after 40 minutes at 1600 degrees Fahr. (870 degrees Cent.) 
while the 0.77 per cent carbon heat still retains a few carbides after 
the same treatment. Under these conditions, the maximum was 
estimated to lie also at about 0.70 per cent carbon. The shift of the 
maximum to lower carbon contents at progressively lower quenching 
temperatures is justified by the slope of the A.m line. Grain size 
is again changing most rapidly with temperature in this carbon range. 

The extremely rapid drop in hardenability as the excess carbide 
increases in amount with further increase in carbon content is obvi- 
ously due to the nucleating effect of the carbide on austenite decom- 
position during quenching. The normalized prior state produces the 
higher hardenability at short tines at temperature but at the longer 
heating times, the annealed condition results in higher hardenability 
for the hypereutectoid group. With variation in quenching tempera- 
ture, the annealed state produces equal or superior hardenability at 
all temperatures, except for the 0.77 per cent carbon heat at the 
higher temperatures. The total grain size variation with both time 
and temperature in these hypereutectoid steels is so small that the 
differences cannot be explained readily on this basis. It was pre- 
viously observed (2) that in high carbon steels the conditions which 
produced the fewer visible carbides in the quenched microstructure 
of a given steel also produced the higher hardenability and this ob- 
servation has been found to be valid among these steels as well. 
The microstructures of the annealed and normalized 1.09 per cent 
carbon heat, quenched after 4 hours at 1550 degrees Fahr. (845 de- 
grees Cent.) are shown in Figs. 16 and 17, respectively, to illustrate 
this point. It is not deemed valid to suppose that the visible carbides 
actually act as nuclei for austenite decomposition but it is believed 
that some definite relationship does exist between the number and 
distribution of the visible carbides and that of the submicroscopic 
carbides which actually act as nuclei. The variation in hardenability 
with change in all factors decreases with increase in carbon content 
in this range. Experience with other steels has shown that at suffi- 
ciently high carbon contents the hardenability is at a minimum and 
insensitive to all reasonable variations in time, temperature and prior 
structure. 

46XX Series—In comparing Figs. 9 and 10, containing the 
results of the 46XX series, with Figs. 7 and 8, the resemblance is so 
striking that little needs to be said except that the low content of 
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Fig. 18—46XX Series—0.82 Per Cent Carbon, 10 Minutes at 1550 Degrees Fahr. 
(Annealed). 


Fig. 19—46XX Series—0.82 Per Cent Carbon, 40 Minutes at 1550 Degrees Fahr. 
(Annealed). 


Fig. 20—46XX Series—1.03 Per Cent Carbon, 10 Minutes at 1550 Degrees Fahr. 
(Annealed). 


Fig. 21—46XX Series—1.03 Per Cent Carbon, 4 Hours at 1550 Degrees Fahr. 


Spans). All Magnifications <x 1000. All Specimens Etched in Electrolytic Sodium 
icrate. 


carbide-forming elements in this series renders the heats much less 
sensitive to variation in time and quenching temperature and the 
maximum hardenability occurs at a higher carbon content because 
of the different alloy content. In this latter connection, the carbide 
condition existing in the quenched microstructure of the 0.82 and 
1.03 per cent carbon prior annealed heats after different intervals of 
time at temperature can be judged from Figs. 18 through 21. After 
10 minutes at temperature (Fig. 18) the 0.82 per cent carbon heat 
shows just a few fine carbides while 40 minutes (Fig. 19) reduces 
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this to a trace and after 4 hours none are visible. The 1.03 per cent 
carbon heat after 10 minutes (Fig. 20) at temperature shows fine 
carbides which coalesce noticeably at the 4-hour interval (Fig. 21). 
Under conditions of practical equilibrium at 1550 degrees Fahr. (845 
degrees Cent.), the carbon content corresponding to maximum hard- 
enability in this series probably lies only slightly above 0.82 per cent 
carbon. 

A further point of difference between the two series is the 
greater increase in hardenability of the 46XX series with increase in 
quenching temperature in the hypereutectoid carbon range. The 
grain size change is in accordance with this difference as shown in 
Table III. It is considered inevitable that further increase in carbon 
would rapidly converge the hardenability values at the several quench- 
ing temperatures but neither time nor manpower were available to 
add additional heats in this range. 

It is of considerable interest to note that substantially equal 
hardenability exists between the two series up to approximately 0.60 
per cent carbon content when the effect of rate of carbon solution 
is minimized—that is, when the comparison is made between nor- 
malized prior structures. This is contrasted sharply by the rapid 
divergence as the carbon increases beyond 0.60 per cent and when 
1.00 per cent carbon is reached the hardenability of the 46XX steels 
(when based on cooling rates) is several times that of the 52XX 
type. Such results are not entirely unexpected when one reviews 
the functions of the predominant alloying elements in each series. 
These results further point out that while a carbide forming and a 
solid solution element impart a given hardenability characteristic to 
a base analysis in the lower carbon ranges this is indeed no criterion 
as to what these same elements may do in the same type steel of 
higher carbon content. 

The differences pointed out above are ones of degree only and 
do not affect the fundamental relationship between carbon content 
and hardenability. As a result of the close parallelism of the be- 
havior of these two widely divergent alloy series with regard to 
hardenability change with carbon content and with variation in the 
related factors of time, temperature and prior structure, it is believed 
that the direction of the hardenability change of a given steel can be 
predicted with confidence from a knowledge of its carbon content 
alone, while the extent of the deviation will depend upon the type 
and amount of alloying elements present. 
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The behavior of both these series emphasizes the difficulty of 
obtaining reproducible results from the carburized end quench test 
developed by Jominy and Boegehold (6) to measure case harden- 
ability. These results show that a variation of a few points in carbon 
at the level of hardness measurement has a much greater influence 
on hardenability than a much greater alloy change. The control of 
carbon content in carburizing poses a considerable problem in per- 
forming this test with reasonable reproducibility. 


PRACTICAL CONSIDERATIONS 


Several points of interest from a standpoint of practical heat 
treatment of steels in these and related series deserve mention. In 
the case of high carbon steels where full carbon content is often 
desired on the working surface, extreme care must be taken to pre- 
vent decarburization in hardening because neither a hardness test, 
a file test nor an etch test for soft spots can be expected to detect the 
presence of a considerable amount of partial decarburization on the 
surface. Since the hardenability of decarburized areas in the range 
of from about 0.60 per cent carbon to the full carbon content of the 
steel will all be higher than that of the base analysis, these areas 
will be fully martensitic in hardening if the quench is sufficiently 
vigorous to harden the base material. Therefore the degree of 
partial decarburization detectable by the file test, for example, will 
more often depend upon the hardness of martensite as controlled by 
its carbon content than upon hardenability of the decarburized areas. 
If these two series of steels are any criterion, quite a considerable 
degree of partial decarburization may be present before quenching 
pearlite appears on the surface if it be absent at the full carbon level 
below the surface. 

In considering the hardening of carburized parts, these results 
would seem to indicate that the file-soft skin sometimes found on the 
surface of pack carburized and pot-quenched alloy steel parts may 
be due to excessively high carbon content on the extreme surface 
rather than to decarburization. For effective oil quenching of car- 
burized low alloy steels, at least, it would certainly appear logical to 
avoid high maximum carbon concentrations if freedom from quench- 
ing pearlite on the extreme surface is to be prevented. 

These results offer a ready explanation of the general observa- 
tion that soft spots on carburized and hardened work are of only 
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shallow penetration and rarely extend more than one-third of the 
depth of hard case. If parts are slightly decarburized in reheating 
for hardening, soft spots present in the highest carbon subsurface 
layer will be masked from either a file or an etch test by the fully 
hardened decarburized layer. This condition can be readily observed 
by carburizing an end quench bar, reheating it to allow partial decar- 
burization to occur, and end quenching. If a 0.015-inch deep longi- 
tudinal flat on the bar be polished, etched and examined microscop- 
ically the full effects of the carbon content variation are apparent. 


SUMMARY AND CONCLUSIONS 


This investigation was conducted on a group of induction heats 
varying in carbon content in approximately 0.20 per cent increments 
from 0.20 per cent to over 1 per cent carbon in each of two base 
analyses: S.A.E. 52100 and S.A.E. 4620. End quench harden- 
ability tests were run on bars from these heats from two prior 
structures, annealed and normalized, and the effects of variation in 
time at quenching temperature up to 4 hours and quenching tempera- 
tures up to 1700 degrees Fahr. (925 degrees Cent.) determined. 
The hardenability results were plotted as a function of carbon con- 
tent under the conditions investigated for both alloy series and the 
practical application of the data to commercial heat treatment con- 
sidered. 

The following conclusions were drawn: 


1. At normal hardening temperatures, the hardenability 
of a given alloy series increases with carbon content to a 
maximum value corresponding to the position of the Ag 
line under the conditions of testing imposed and then decreases 
with further increase in carbon content. This decrease is due 
to the nucleating effect of the excess carbide on the decom- 
position of austenite on quenching. 

2. The similarity in hardenability behavior between the 
two alloy series was so marked that it is believed that the 
direction of this behavior under the influence of change in 
time, temperature and prior structure can be predicted with 
some confidence from a knowledge of the carbon content 
alone. The type and amount of alloying elements control the 
extent of the hardenability change, carbide formers produc- 
ing the maximum effect and solution elements the minimum. 
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3. In commercial hypoeutectoid alloy steels, annealed 

prior structures increase in hardenability only slowly with in- 
crease in time at normal quenching temperatures while nor- 
malized prior structures assume maximum hardenability at 
very short time intervals. The latter are substantially insensi- 
tive to quenching temperature variation between the Ac, and 
the coarsening temperature while the former -increase con- 
tinuously in hardenability with increase in quenching tem- 
perature. . 
4. With normal commercial soaking times and quenching 
temperatures, hypereutectoid steels produce maximum harden- 
ability from annealed prior structures rather than from nor- 
malized. This is believed to be due to and controlled by the 
number and distribution of those excess carbides which act 
as nuclei for austenite decomposition. 

5. In the eutectoid carbon range, the hardenability change 
is enormous with variation in conditions but, in general, obeys 
the same laws as in lower carbon ranges. The normalized 
prior structure will produce higher hardenability than the 
annealed under all reasonable conditions of time and quench- 
ing temperature. 
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DISCUSSION 


Written Discussion: By Thomas G. Digges, metallurgist, U. S. Depart- 
ment of Commerce, National Bureau of Standards, Washington, D. C. 

The authors state that there is a lack of quantitative information on the 
effect of carbon, over the range used commercially, on the hardenability of steels 
when austenitized at normal heat treating temperatures. In 1938,’ the writer 
described the preparation of high-purity iron-carbon alloys and plain carbon 
steels and presented data showing how carbon affected their hardenability. The 
method used for preparing these materials eliminated variables other than car- 
bon in the composition. The relations of the critical cooling rate to carbon 
content of the alloys and steels are summarized in Fig. A of this discussion. For 
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Fig. A—Relation of Critical Cooling Rate to Carbon Content of the Iron- 
Carbon Alloys and Carbon Steels. The critical cooling rate was taken as the 
average cooling between 1110 and 930 degrees Fahr. (600 and 500 degrees 
Cent.) which produced in the quenched specimens a structure of martensite 
with nodular troostite (fine pearlite) in amounts estimated to be between 1 
and 3 per cent. The base composition of the plain carbon steels consisted of 
0.46 per cent manganese, 0.043 per cent phosphorus. 0.025 per cent sulphur, 
0.15 per cent silicon, 0.02 per cent chromium, trace of vanadium, and 0.11 
per cent nickel. 
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the conditions of constant austenite grain size and complete solution of carbon, 
the critical cooling rate decreased (hardenability increased) continuously with 
1Thomas G. Digges, “Effect of Carbon on the Critical Cooling Rate of High-Purity 


Iron-Carbon Alloys and Plain Carbon Steels,”’ Research Paper RP1092; Journal of Re- 
search, National Bureau of Standards, Vol. 20, p. 571, May 1938. 
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increase in carbon of both the high-purity alloys (curve A) and the plain car- 
bon steels (curve C). 

For the carbon steels quenched from the usually recommended hardening 
temperature (curve B), the critical cooling rate decreased with increase in car- 
bon up to about 0.75 per cent and thereafter increased rapidly with increase in 
carbon up to about 1.05 per cent. Further increase in carbon from 1.05 to 1.40 
per cent had no appreciable influence on the critical cooling rate. Thus, the 
steel of about eutectoid composition had the minimum critical cooling rate, or 
was deeper hardening than either the steels of hypoeutectoid or hypereutectoid 
compositions. However, these critical cooling rates (curve B) were affected 
by variations in grain size and carbon content of austenite as well as by total 
carbon. With the steels ranging in carbon from about 0.40 to 0.75 per cent 
the average grain size was approximately constant and all carbon was in solu- 
tion at the time of quenching. The difference in their hardenability was caused 
by a difference in the carbon content of the austenite. With carbon in excess 
of about 0.80 per cent, the carbon content of the austenite (dissolved carbon) 
remained constant (quenching temperature of 1425 degrees Fahr.) but differ- 
ences existed in the undissolved or total carbon and presumably in grain size. 
The rapid increase in critical cooling rate with increase in carbon from about 
0.80 to 1.05 per cent was due principally to variations in the number of free 
carbides but a further increase in the number or size of the carbide particles 
was without effect on the critical cooling rate or hardenability. The authors 
in their study of the hardenability of certain alloy steels by the end quench test 
find this same relationship. 

None of the conventional methods tried by the writer has been entirely 
satisfactory for delineating the grains of austenite in high carbon steels at 
temperatures regularly used in hardening. Under such conditions, the free car- 
bides tend to coalesce as spheroids not only at the boundaries but also within 
the grains and the parent austenite grains are obscure after cooling either 
slowly or rapidly. The writer, however, is inexperienced in rating the austenite 
grain size by comparing the fractures of hardened specimens with standard 
fractures such as those prepared by Shepherd. The authors have pointed out 
that the presence of free ferrite causes an apparent coarseness in the fracture. 
Would the presence of spheroidized carbides tend to make the appearance of 
the fracture finer or coarser than the actual austenite grain size? 

Written Discussion: By C. P. Sun, investigator, Main Laboratory, Beth- 
lehem Steel Co., Bethlehem, Pa. 

I read this paper with great interest and wish to congratulate the authors 
ior their splendid work. There is one point that I would like to discuss with 
the authors. 

The authors found that the hardenability of a given alloy series increases 
with carbon content to a maximum value and then decreases with further in- 
crease in carbon content. They conclude that the decrease is due to tne nucleat- 
ing effect of the excess carbide on the decomposition of austenite on quenching. 
As was demonstrated by the authors, the nucleating effect of undissolved carbide 
particles is doubtlessly an important contributing factor. However, I wonder 
if the authors have considered the effect of variation of heat conductivity due 
to the change of carbon content in the given series. 
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When I was in Lehigh University last year, Dr. R. D. Stout and I did some 
work on the hardenability of steels. Some of the results may throw some light 
on this question. 

We made the Jominy hardenability test on a S.A.E. 1035 steel, all of the 
specimens being machined from one heat. For special purposes, the specimens 
were heated to 2100 degrees Fahr. (1150 degrees Cent.), held for 4 hours, 
and then end-quenched. During the holding period, by some special arrange- 
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Fig. B—Hardenability Curves for a S.A.E. 1035 Steel Heated at 
2100 Degrees Fahr. for 4 Hours with End Conditions as Indicated. 


ments, the ends of several specimens were intentionally carburized, while those 
of some others were intentionally decarburized. The results are plotted in Fig. B. 

After the measurements of hardness, the carburized or decarburized condi- 
tions were checked by determining the carbon content of samples from the 
quenched end, milled in 0.025-inch steps after the specimens were softened. Rep- 
resentative results are shown below: 


Per Cent Carbon ina Per Cent Carbon in a 
0.025-Inch Step from Carburized Decarburized 
Quenched End Specimen Specimen 
1 0.89 0.12 
2 0.79 0.21 
3 0.63 0.27 
4 0.51 0.32 
5 0.46 0.33 
6 0.40 0.37 
7 0.37 0.38 
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These results demonstrate clearly that the hardenability of specimens with 
carburized end is much lower, and that with decarburized end is slightly higher, 
than that of the normal, unaffected specimens. What causes this difference? 

Since the specimens were held at 2100 degrees Fahr. (1150 degrees Cent.) 
for 4 hours, the possibility of the existence of undissolved carbide was ruled 
out. Furthermore, the carbon content at the transition zone (50 per cent mar- 
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Fig. C—Cooling Rate Curves of Jominy Specimens 
with End Conditions as Indicated. The Jominy Distance 
of the Point Where the Dotted Line Intercepts the 
Cooling Rate Curve for a Given Carbon Content Gives - 
the Hardenability of That Carbon Content. 
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Fig. D—Cooling Rate Curves of Jominy Specimens 
with Various Carbon Contents. The Short Dotted Lines 
Show the Proper Cooling Rates for a 50 Per Cent Mar- 
tensite Transformation for Various Carbon Contents. 
The interception points of these lines with the cooling 
rate curves denote the hardenability of a given series 
of steels having various carbon contents. Also, the 
hardenability curve with respect to the carbon content. 
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tensite zone or approximately the inflection point of the hardenability curve) 
was changed by neither the carburization nor the decarburization of the end. 
The only explanation which we can offer is that the rate of the extraction of 
heat from the specimens during the end quenching is influenced by the variation 
of heat conductivity due to the change in carbon content at the ends of the 
specimens. It is a fundamental property that the heat conductivity decreases 
as the amount of alloying element in solution (in this case carbon) increases. 

If the end of a specimen is carburized, its heat conductivity is lowered, 
and consequently, the extraction of heat from the specimen during the quench- 
ing is retarded. This will result in a shift of the curve of cooling rate along 
the Jominy specimen (as the one shown on page 74 in “Hardenability of Alloy 
Steels” published by A.S.M.) towards the left or the quenched end. (There 
is also a little change in the shape of the curve which may be neglected for the 
present discussion.) This means a decrease in hardenability, as the transition 
zone has its proper cooling rate. On the other hand, if the end of a specimen 
is decarburized, the hardenability will increase. Shown schematically in Fig. C. 

However, in the authors’ experiments, if the carbon content is increased, 
the proper cooling rate for a 50 per cent martensite transformation, as well as 
the heat conductivity, is decreased. The decrease of the proper cooling rate 
increases the hardenability, while the decrease of the heat conductivity de- 
creases the hardenability. These two factors act in opposite directions and 
will compensate each other. If the hardenability is plotted against the carbon 
content, there will be a maximum hardenability at that carbon content when the 
effects of these two factors exactly nullify each other. This is indicated in 
Fig. D by the dotted and dashed curve. 

Thus, by this reasoning, we are able to explain the decrease of harden- 
ability with the increase of carbon content over a certain percentage, even if all 
of the carbides go into solution before quenching. 

Written Discussion: By O. W. McMullan, Bower Roller Bearing Com- 
pany, Detroit. 

The writer is greatly interested in this entire paper but wishes to com- 
ment on only one point. The authors conclude, from results on the high car- 
bon steels in their series, that there would be considerable difficulty in obtaining 
reproducible results from the carburized end quench test to measure case hard- 
enability. This difficulty arises from the variation in hardenability caused 
by a few points difference in carbon content. 

By taking a different viewpoint this apparent disadvantage might prove to 
be a distinct advantage for the end quench test for this application. If the speci- 
men were carburized so as to possess a hyper zone of considerable depth then 
a single specimen would represent all the possibilities as far as carbon is con- 
cerned. Since cooling rates in the end quench specimen are dependent on dis- 
tance from the quenched end rather than from the surface tested, all zones in 
the case are quenched at the same rate, and their hardenability can be deter- 
mined with one specimen by merely testing the surface and flats ground to vari- 
ous depths. Microscopic examination of a cross section would show the carbon 
content at the various levels and such a section could be taken at the cooling 
rate that would show the carbon content to best advanteve. Results then should 
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be comparable from heat to heat and would at the same time determine the 
carbon range (particularly the maximum limit) necessary to meet the required 
hardness. 

Written Discussion: By W. E. Jominy, chief metallurgist, Dodge Chicago 
Plant, Division of Chrysler Corp., Chicago. 

This paper contains much useful data. It has added to our knowledge of 
the behavior of alloy steels in the carbon range we have with carburized parts. 
It points out the unexpected result that under certain conditions we may lack 
full hardening at the surface on carburized parts if we have absolutely no 
decarburization. In aircraft work we seem to have more difficulty from aus- 
tenitic surfaces and are compelled in many instances to supercool to obtain the 
desired hardness. 

In automotive applications the tendency is to direct quench without reheat 
and here again the difficulty seems to be too much austenite. This has resulted 
in the so-called hesitating quench in which the pieces are permitted to air cool 
to about 1350 degrees Fahr. (730 degrees Cent.) before quenching. It has been 
assumed that this practice permits time for carbides to precipitate and these 
nucleate the austenite-martensite change. It would be expected, however, that 
if the hardenability increases as the carbon concentration decreases from about 
1.15 per cent carbon, we would have more austenite on the surface due to less 
carbon in solution. Perhaps the authors may have some ideas on this subject. 

A conclusion which we may arrive at from the authors’ data is that much 
higher hardenability can be obtained in carburized parts if the carbon concentra- 
tion at the surface can be kept at the low value of about 0.70 per cent. It is 
generally conceded, however, that high carbon gives better wear resistance 
than lower carbon so that for wearing parts this procedure may not be desirable. 

Written Discussion: By T. L. Counihan, chief metallurgist, Hyatt 
Bearings Division, General Motors Corp., Harrison, N. J. 

The authors have given us evidence as to the influence of carbon concentra- 
tion on hardenability. They amply demonstrate its potency. 

In general, the prime purpose of most alloying elements is to increase hard- 
enability. The fact that too high a carbon content can reduce hardenability is 
oftentimes overlooked or at least is not given proper consideration. 

The present speaker can add little to the authors’ writing except to sub- 
stantiate their results. 

Had the speaker any thought that the data he is to offer were to serve a 
purpose here today, he would likely have used a specimen much like the end- 
quenched Jominy bar, rather than the cylindrical bar, which actually was a 
roller for a bearing and used because it was, at the time, the object of an in- 
vestigation. With the audience understanding this point, he would like to say 
that the two charts presently to be shown depict the influence of carbon con- 
centration on the hardenability of a S.A.E. 4320 steel of the following compo- 
sition : 





ee Per Cont SS ey 
Carbon Manganese Silicon Nickel Chromium Molybdenum 
0.20 0.57 0.23 1.78 0.48 0.25 


Fig. E illustrates the influence of carbon concentration on hardness as 
related to a variable cooling rate. 
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The solid cylindrical specimen was 3.50 inches in length and 1.68 inches in 
diameter. It was carburized at 1700 degrees Fahr. (925 degrees Cent.) to a 
depth of 0.150 inch, quenched in oil, reheated to 1510 degrees Fahr. (820 de- 
grees Cent.), and quenched in water to a depth of 1.25 inches. This location is 
noted by the vertical line AB between the numerals 9 and 11 at the bottom of 
Fig. E where a sketch of the specimen is located. The portion of the specimen 
to the right of the vertical line is cooled in air at a variable rate, depending 
upon its distance from the water line. 
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Flats were ground on the bar in 0.010-inch increments and hardness read- 
ings were made at distances % inch apart along its length. To avoid causing 
confusion by plotting a large number of curves, although readings on some 
forty flats were made, only nine representative curves are shown. At corre- 
sponding increments carbon analyses were made on three other cylinders car- 
burized at the same time so that it is possible to state what the carbon concen- 
trations were at these varying levels. These carbon concentrations are shown 

at the right of the respective curves. 
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One may note that as the carbon concentration, which was 1.12 per cent 
at a depth of 0.010 inch beneath the surface, decreases to 0.99 to 0.82 and 0.62 
per cent, the hardenability increases. At about 0.62 per cent carbon maximum 
hardenability is reached. Thenceforth the hardenability decreases as the car- 
bon drops to 0.47 to 0.35 to 0.27 per cent and finally to the core concentration 
of 0.20 per cent, where the lowest hardenability is found. It is interesting to 
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note that the hardness of 1.12 per cent carbon nearly corresponds to that of a 
0.35 per cent carbon steel except where the cooling rate is rapid. Also, that the 
0.62 per cent carbon curve assumes practically a straight line, indicating con- 
siderable hardenability. Fig. F is merely another way of presenting the infor- 
mation shown in Fig. E. Four curves are shown illustrating the fact that 
irrespective of cooling rate maximum hardenability occurs at about @.62\per cent 
carbon. 

The curve bearing the notation 25, which indicates it represents the cross 
sectional hardness at a distance 25/8 or 3% inches from the water-quenched end 
and hence has cooled relatively slowly, shows the potency of carbon concen- 
tration. At 0.010 inch beneath the surface, where the carbon concentration is 
1.12 per cent, the hardness obtained is only Rockwell C-41.5, while at a depth 
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of 0.070 inch beneath the surface, where the carbon concentration is but 0.62 
per cent, the hardness is Rockwell C-65. 

In closing, the speaker wishes to say that he feels the authors’ results in- 
dicate the desirability of controlling the carbon concentration on carburized 
parts. An unduly high carbon concentration can result in an extravagant ap- 


parent need for higher alloy than necessary to obtain satisfactory hardness 
values. 


Authors’ Closure 


Before considering the discussions offered on this paper, the authors would 
like to add a small amount of additional data obtained since the paper was writ- 
ten. The 46XX series suffered somewhat from the absence of data at the 
higher carbon contents often encountered in carburizing—i.e., about 1.20 per 
cent carbon. Consequently, two additional induction heats of the following com- 
position were melted and subjected to exactly the same procedure as the fore- 
going heats. 


Brinell Hardness 
Spheroi- Nor- 


Heat Cc Mn P S Si Cr Ni Mo dized malized 
1480 1.22 0.45 0.016 0.035 0.30 0.25 1.66 0.28 217 363 
1481 1.27 0.45 0.016 0.035 0.32 0.24 1.68 0.28 217 363 


Fracture grain size values obtained under the conditions of test are listed 
below : 


Per ——Time at Temperature (1550 Degrees Fahr. )}———, 
Cent 0 Min. 10 Min. 40 Min. 4 Hours 
Heat Carbon Ann. Norm. Ann. Norm. Aan. Norm. Ann. Norm. 
1480 1.22 8 8 8 8 8 & 7% 8 
——40 Min. at Quenching Temperature, Degrees Fahr.—————__, 
1459 1500 1550 1600 1700 
Ann. Norm. Ann. Norm. Ann. Norm. Ann. Norm. Ann. Norm. 
1481 1,27 8 9 74% 8% 7 8 5% 7% 6 


The results of the hardenability tests are incorporated in Figs. G and H 
which may be substituted for Figs. 9 and 10 of the text. The trend is certainly 
as expected and, in particular, shows continued general decrease in harden- 
ability with this increase in carbon content. Furthermore, continued conver- 
gence of the hardenability values at higher carbon contents with quenching tem- 
perature variation is definitely indicated. 

In regard to Mr. Digges’ discussion of the paper, we certainly owe an 
apology for overlooking the reference he cites. Unfortunately, the Journal was 
not immediately available and the abstract we did observe gave no hint of addi- 
tional work beyond that contained in reference 3. Nevertheless, we are happy 
that our results on alloy steels so completely conform with Mr. Digges’ work 
on carbon steels. This certainly serves as further confirmation of the general 
relationship between carbon content and hardenability. 

The authors are in complete agreement with Mr. Digges’ statements in re- 
gard to the difficulty in determining the austenitic grain size of hypereutectoid 
steels. The fracture method, while empirical, is generally conceded to be a re- 
liable relative measure of austenitic grain size and correlations with A.S.T.M. 
grain size have been made. Since carbon solution and grain growth in these 
steels are apparently so completely interdependent, the authors are unable to 








ae 
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answer the question whether the presence of spheroidized carbides alters the ap- 
pearance of the fracture. If one accepts the plausibile theory that austenitic 
grain growth in hypereutectoid steels is a result of carbide solution and the 
fact that the microscopic delineation of grain size in these steels is uncertain, 
the fracture method automatically becomes the most likely means of estimating 
grain size. 

Mr. Jominy a raised the question of high austenite contents in the micro- 
structure at the surface of carburized parts and how such a condition corre- 
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Fig. G—Effect of Carbon Content on Hardenability of the 46XX Series as Influ- 
enced by Time at 1550 Degrees Fahr. (Extension of Fig. 9.) 


lates with the hardenability-carbon content relationship. The belief is held in 
some quarters that the beginning of the Ar” transformation, and probably its 
ending as well (the Ms and Mf points), are not time-sensitive functions and 
hence the austenite to martensite transformation is not nucleated by either car- 
bide or ferrite but, in a given steel, is dependent solely upon the amount of car- 
bon in solution at the moment of quenching. The Ar” range is progressively 
and continuously lowered as the amount of carbon in solution increases and the 
amount of retained austenite in the quenched structure increases accordingly. 
The austenite to quenching pearlite transformation, on the other hand, is ap- 
parently nucleated by excess carbide and the hardenability as measured to a 
given amount of decomposition product on the bar decreases rapidly with the 
appearance of excess carbide. These considerations lead to the conclusion that, 
at a given quenching temperature and under substantially equilibrium conditions 
the tendency to retain austenite on quenching increases with carbon content up 
to the limit of solubility and remains essentially constant with further increase in 
carbon while the hardenability decreases very rapidly beyond the solubility 
limit. In commercial heat treatment where equilibrium is by no means ap- 
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proached, the expected faster rate of carbon solution with increasing carbon 
content in the hypereutectoid range would apparently allow the retained austen- 
ite to increase in amount while the hardenability was decreasing. Fig. 4d of 
the paper shows that the quenched end of the 0.79 per cent carbon bar is al- 
most completely martensitic while the 1.03 per cent carbon bar contains substan- 
tial quantities of austenite. The ultimate conclusion reached with this line of 
reasoning is that the austenite content of quenched pieces can be controlled at 
small values by reducing the amount of carbon in solution at the moment of 
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Fig. H—Effect of Carbon Content on Hardenability of the 46XX Series as Influ- 
enced by Quenching Temperature (40 Minutes at Temperature). Extension of Fig. 10. 
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quenching, either by reducing the maximum carbon concentration in carburiz- 
ing or by interrupting the quench to allow some carbide to precipitate as cited 
by Mr. Jominy. A further example is the tempering of carburized and pot 
quenched S.A.E. 3312 to precipitate excess carbide which does not readily dis- 
solve on reheating and thus minimizes austenite formation on hardening. 

The authors certainly did not wish to recommend maximum carbon con- 
centrations for carburizing in the range of 0.70 per cent carbon since the advan- 
tages of excess carbide in the case structure are well known. The authors know 
of situations, however, where soft spots on the surface of pack carburized and 
pot-quenched articles were blamed on decarburization whereas the maximum 
carbon concentration was actually high enough to produce soft spots through 
low hardenability. Our own experience with S.A.E. 4620 steel leads us to be- 
lieve that a maximum carbon concentration of about one per cent is an effective 
compromise between the opposing considerations of wear resistance and case 
hardenability. 

The discussion offered by Mr. Sun was studied with great interest since 
the effect of change in thermal conductivity was not considered in our interpre- 
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tation of the data contained in this paper. Mr. Sun has shown that an increase 
in carbon content will decrease the thermal conductivity of the bar and hence 
tend to decrease the hardenability measurement but he has not shown that the 
maximum will occur at a carbon content compatible with the experimental evi- 
dence. He also has not shown why the decrease in hardenability beyond the 
carbon solubility limit is so rapid when, by his interpretation, one would judge 
that the decrease would be much more gradual. In the absence of more com- 
plete evidence, the authors prefer to believe that the effects of carbon in solution 
and as excess carbides control the hardenability variation and that the influence 
of thermal conductivity is of minor importance. For strict scientific accuracy, 
the cooling rates along the bar should be corrected for the effect of change in 
thermal conductivity just as they should be corrected for the effect of variation 
of quenching temperature. In the ultimate practical sense, of course, these cor- 
rections are unimportant since the thermal conductivity of the end quench bar 
and the production part from the same steel are the same and the production 
quenching temperature should be used in performing the test. 

Mr. McMullan’s viewpoint in regard to the carburized end quench test is 
most interesting and, if all the precautions outlined by him could be taken, the 
test can be interpreted with entirely satisfactory accuracy. It must be recog- 
nized, however, that microscopic estimation of the carbon content at any cool- 
ing rate on the bar offers some important difficulties particularly in the range 
where 0.05 per cent carbon means a hardenability variation of several six- 
teenths. Even chemical analysis for carbon content is a problem because the 
carbon gradient is changed in softening for machining and the absence of cen- 
ters makes accurate machining of small cuts something of a problem. This 
point was raised in the paper only because it was thought that the very great 
influence of a small change in carbon content in the case hardenability was not 
generally recognized and that many of the disagreements in hardenability meas- 
urement by this method were due to the lack of adequate control of this factor. 

Mr. Counihan very ably demonstrates in one sample the entire effect of 
carbon content on hardenability and is to be congratulated on the ingenuity of 
the means used. The discrepancy in regard to the carbon content at maximum 
hardenability between his results and ours may be due toa distortion of the cool- 
ing rate at some levels caused by quenching part of the specimen from both the 
end and the cylindrical surface. 

The authors wish to thank the discussers of this paper for the time and 
effort taken in these busy times to prepare these discussions which have added 
so materially to the value of this paper. 














AIR HARDENABILITY OF STEELS 


By C. B. Post, M. C. Fetzer anp W. H. FENsTERMACHER 


Abstract 


The center cooling velocity of regular shapes during 
air hardening 1s shown to be controlled by the area per 
unit volume (A/V) relationship and is independent of 
treating temperature. 

A gradient air hardenability test is described. This 
test enables a determination of the air hardening proper- 
ties of a given air hardening steel to be made ranging from 
the equivalent of a 1-inch round by 8-inch long cylinder 
to a 6-inch round by 6-inch long cylinder. Air harden- 
ability 1s stated here im terms of the cooling velocity 
with which the steel must be cooled past 1000 degrees 
Fahr. (540 degrees Cent.) to obtain a given R, hardness. 

The effects of treating temperature, soaking times 
and rate of heating through the critical on the resulting 
hardenability of several air hardening steels are described. 

In most cases tt ts possible to make a good appro.xi- 
mation of the A/V value of the tools to be heat treated. 
Combining this value with the hardenability of the steel 
to be used, it is a simple matter to estimate with accuracy 
the hardness to be obtained throughout the tools by air 
freatment. 

The hardenability of several air hardening steels is 
presented. 

In general the variation in air hardenability of air 
hardening steels is negligible from heat to heat for a given 
type analysis. 


\ IR hardening steels have definite advantages in certain types of 
tool steel applications due to the ease of heat treatment, rela- 
tively small distortion after hardening, and, probably most impor- 
tant, the absence of appreciable thermal gradients during quenching, 
resulting in practically complete freedom of quench-cracks in intri- 
cate sections. In contrast to the abundance of hardenability data 
relating to water and oil hardening types of steel, practically no 

A paper presented before the Tweuty-sixth Annual Convention of the So- 
ciety held in Cleveland, October 16 to 20, 1944. The authors, C. B. Post, M. C. 
Fetzer and W. H. Fenstermacher, are all associated with the Metallurgical 
Department of the Carpenter Steel Co., Reading, Pa. Manuscript received 


June 10, 1944. 
85 











86 TRANSACTIONS OF THE A. S. M. Vol. 35 


quantitative data on the hardenability of air hardening types of steel 
are available. 

It is the purpose of this paper to describe an air hardenability 
test and a method of stating air hardenability in such a manner that 
these data can be used by tool makers and heat treaters to aid in the 
selection of air hardening steels. The test developed consists of air- 
cooling a l-inch round bar in such a manner that one end is allowed 
to cool freely, while the cooling of the other end is retarded to a rate 
equivalent to that of a 6-inch round by 6-inch long cylinder. Cooling 
velocities through a temperature range are known along the length 
of the l-inch round bar. A determination of the hardness gradient 
along the l-inch round bar enables the Rockwell hardness to be 
stated as a function of these cooling velocities. The parameter found 
to give the closest agreement between hardness predicted from the 
air hardenability test and that obtained by actual heat treatment of 
various size sections is the cooling rate (degrees Fahr. per minute) 
past 1000 degrees Fahr. (540 degrees Cent.). 

The most obvious application of the above outlined hardenability 
test is the prediction of the hardness to be expected of a given air 
hardening steel when air-treated in various sized pieces. The appli- 
cation of these data is simplified by the fact that cooling rates in the 
vicinity of 1000 degrees Fahr. (540 degrees Cent.) are equal 
throughout the mass during air hardening, except for extremely 
irregular shapes having fins, pins, etc., protruding from the larger 
mass. This means that air hardening leads to the same hardness 
throughout the mass from center to surface. Thus, knowing the 
center cooling rate (degrees Fahr. per minute past 1000 degrees 
Fahr.) of a regularly shaped mass, and the air hardenability of a 
given air hardening steel (R, hardness as a function of degrees Fahr. 
per minute past 1000 degrees Fahr.), it is easy to predict the hard- 
ness obtained in the mass when using this air hardening steel. 

The simplicity of this application of air hardenability data de- 
pends to a large measure on the effect of (a) shape of piece (round, 
rectangular, long or short), and (b) treating temperature on the 
cooling rate of a regularly shaped mass of steel. In Part I it is 
shown that the air-cooling rate (past 1000 degrees Fahr.) of regu- 
larly shaped masses is a function only of the surface to volume ratio, 
and further, this cooling rate (past 1000 degrees Fahr.) for a given 
surface to volume ratio appears to be independent of treating 
temperature. 
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In Part II an air hardenability test is described. Air-cooling 
rates past 1000 degrees Fahr. (540 degrees Cent.), ranging from 
those of a l-inch round by 8-inch long (Surface/Volume = 4.25) to 
a 6-inch round by 6-inch long specimen (Surface/Volume = 1) are 
obtained simultaneously by means of this method. This permits the 
hardness developed by an air hardening steel to be determined as a 
function of the cooling rate past 1000 degrees Fahr. (540 degrees 
Cent.). 

In Part III the air hardenability of various well-known types 
of air hardening steels is presented. The influence of several heat 
treating variables, such as treating temperature, soaking time at 
treating temperature, and rate of heating through the critical range 
on the resulting air hardenability, is studied. It is shown that the 
treating temperature and soaking time, as expected, affect the re- 
sulting air hardenability, but the rate of heating through the critical 
appears to have no effect. 


Part I 
Atr-CooLING CHARACTERISTICS OF REGULARLY SHAPED MASSES 


1. Cooling Rates of Rounds—Fig. 1 shows the center and sur- 
face cooling curves of a 6-inch round by 6-inch long specimen when 
air-treated from 1600 degrees Fahr. (870 degrees Cent.). 30 per 
cent nickel steel was used because of its known similarity in thermal 
diffusivity to that of austenite. The surface thermocouple was % 
inch below the surface of the round. Although the surface tempera- 
ture drops rapidly to about 160 degrees Fahr. below that of the cen- 
ter when the specimen is first brought into the air, an analysis of the 
two curves shown in Fig. 1 leads to the conclusion that the rates of 
cooling of surface and center are practically equal, especially in the 
temperature ranges of 1300, 1000 and 600 degrees Fahr. (705, 540, 
and 315 degrees Cent.). This indicates that the hardness across the 
section of a regularly shaped mass should be constant from surface 
to center. This has been verified repeatedly by hardness contours 
on the cross section of various sized regular shapes made from air 
hardening steels. As a matter of fact, actual surface hardnesses have 
been found to be equal to the hardness throughout the section when 
the steels are properly heat treated to avoid decarburization. 

The influence of diameter and length of round cylinders on the 
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center cooling rate past several temperatures during air hardening 
was next investigated. For these experiments 32 per cent nickel 
steel was used, together with a constant initial temperature of 1600 
degrees Fahr. (870 degrees Cent.). Fig. 2 shows the experi- 
mental methods used for determining these center cooling rates of 
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various sized rounds. For rounds 3 inches or more in diameter, the 
method shown on the left was used. For sizes of rounds 2 inches in 
diameter and smaller, the method shown on the right was used. 

Center cooling tates (degrees Fahr. per minute) past 1000 de- 
grees Fahr. (540 degrees Cent.) and past 1300 degrees Fahr. (705 
degrees Cent.) for these various sized rounds are given in Table I. 
The 1000-degree Fahr. (540-degree Cent.) cooling rate represents 
the average from 1075 to 925 degrees Fahr. (580 to 495 degrees 
Cent.), and the 1300-degree Fahr. (705-degree Cent.) cooling rate 
represents the average from 1375 to 1225 degrees Fahr. (745 to 665 
degrees Cent.). When these cooling rates are plotted against A/V, 
where A is the area of the cylinder, and V is the volume, a linear re- 
lationship results for each set of cooling rates, i.e., past 1000 degrees 
Fahr. (540 degrees Cent.) and past 1300 degrees Fahr. (705 de- 
grees Cent.). 

















AIR HARDENABILITY OF STEELS 
Table I 
Experimental Cooling Rates for Rounds and Rectangular Shapes 








--Cooled from 1600° F.~ --Cooled from 1900° F.~ 











In. of Ra tte Past 

Corner ‘ 

Per Unit 1300 1300° 
Size A/V _ Volume 1000° 1300° 1000° 1000° 1300° 1000° 








32 Per Cent Nickel Steel 


















1” dia. x 1” 6.0 ee 163 288 1.77 

1” dia. x 1” 6.0 , 166 298 

1” dia. x 2” 5.0 131 240 

1” dia. x 2” 5.0 4.0 131 240 1.83 ad 
1” dia. x 3” 4.67 wae tal 211 

1” dia. x 3” 4.67 2. 121 211 1.83 Seas er oe 
1” dia. x 4” 4.5 a 115 od saan 109 200 1.83 
1” dia. x 4” 4.5 ~ 115 206 1.79 

1” dia. x 6” 4.33 108 197 

1” dia. x 6” 4.33 1.33 = 108 200 1.83 

1” dia x 8” 4.25 is 89.5 173 1.93 

1” dia x 8” 4.25 . 101 184 1.82 

2” dia. x 2” 3.0 75.8 135 

2” dia. x 2” 3.0 2.0 75.2 140 1.82 

2” dia. x 3” 2.67 63.5 115 

2” dia. x 3” 2.67 1.33 65.5 120 1.82 

2” dia. x 4” 2.50 60.5 108 

2” dia. x 4” 2.50 1.0 60.0 111 1.82 

2” dia. x 6” 2.33 » 55.3 98 m= 

2” dia. x 6” 2.33 0.67 55.4 98 1.77 

2” dia. x 8” 2.25 52.5 92 1.75 

2” dia. x 8” 2.25 0.50 51.2 92 1.79 ae head pa 
3” dia. x 3” 2.00 46.6 85.6 48 90 1.87 
3” dia. x 3” 2.00 0.88 446 80.0 1.82 43.6 80 1.83 
4” dia. x 4” 1.5 F 31.5 56.5 

4” dia. x 4” 1.5 0.50 31.8 57.7 1.80 ae ee aaa 
6” dia. x 6’ 1.0 0.22 21.0 38.5 1.83 21.4 39.0 1.82 
6” dia. x 6’ 1.0 ee 23.7 43.6 1.84 «Mies ig cae 
5.44x 5.44x 5.44” 1.1 0.41 1.6 39.5 1.83 20.8 38.9 1.87 
5.44. x 5.44x 1.63” 1.955 1.04 41.5 76.2 1.83 42.9 74.0 1.73 
5.44x 1.63x 1.50" 2.932 2.58 67.5 113.5 1.68 69.5 125 1.80 
5.44x 1.63x 1.50" 2.932 2.58 67.5 123 1.82 ai re aE 
1.50 x 1.50x 1.63” 3.9 5.05 90.5 176 oe 93 174 1.87 
1.50x 1.50 x 1.63% 3.9 5.05 90.0 173 1.92 uG at cud 
1.50 x 1.50 x 1.63” 3.9 5.05 90.5 173 are 









Air 





Hardening Steels 


Steel A* 

Riek ads 0. 2.38 1.04 45.2 86.5 1.91 nian 85.6 
Steel B* 

1.751.978" ed. 3.44 2.62 77.9 146.2 1.90 76.5 144 1.88 
Steel T* 

6” dia. x 6” 1.0 0.22 19.9 35.6 1.79 


*Refer to Table IV for Analyses of Steels Used. 






When plotted logarithmically, these two straight lines become parallel 
as shown in Fig. 3. The above data appear as open circles in Fig. 
3. The A/V range represented is from 1 to 6 (6 inches round by 6 









inches long to 1 inch round by 1 inch long). 

The A/V for the l-inch rounds investigated ranges from 4.25 
to 6.0 (8 inches long to 1 inch long) and all of the open circles in Fig. 
3 in this range represent l-inch diameter rounds. It is to be noted 
that this family of points departs more and more from the straight 
line as A/V increases. This is due to corner effect. The linear 
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Fig. 2 (Left)—Experimental Technique for Rounds 3 Inches in Diameter or 


Larger. (Right)—Experimental Technique for Rounds 2 Inches in Diameter or 
Smaller. 


length of corner per unit volume of metal increases as follows for 
l-inch rounds of decreasing lengths: 


Length 
Inches A/V Inches of Corner/ Volume 
adeeb dole Wibnie &ieaanitres ' 4.25 1.0 
tat eiaiuin ns bate Machete dar aeatera 4.33 1.3 
ae ala sane o's eehbs cube uae 4.50 2.0 
BT ant a aiken eel wae ees 4.67 2.7 
FS pee a ee LC ype ee 5.00 4.0 
IF twice sa ee eu ven de ae 6.00 8.0 


A similar effect is noted with the 2-inch rounds represented by 
the open circles between A/V —2.25 (8 inches long) and 3.00 
(2 inches long). Here the inches of corner per unit volume range 
from 0.50 inch (8 inches long) to 2.00 inch (2 inches long). 

The curves of Fig. 3 were drawn to agree with low values of 
inches of corner per unit volume. 

2. Cooling Rates of Bars, Slabs, and Block 
were next measured on other shapes to determine the relationship 
between the center cooling rates and the A/V ratios. The procedure 
consisted of taking a 6-inch cube of 32 per cent nickel steel, deter- 
mining the center cooling rate from an initial temperature of 1600 
degrees Fahr. (870 degrees Cent.), and then decreasing the dimen- 
sions, changing the shape, and increasing the A/V according to the 
following schedule: 





Size, Inches Shape A/V 
6 x6 x6 Large Cube 1 
6 x6 x15 Slab 2 
6 x15x1.5 Column 3 
15x1.5x1.5 Small Cube 4 


The center cooling rates and actual size of the pieces are given 
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Fig. 3—Center Air-Cocling Kates as a Function of the Area to 
Volum. (A/V) Ratio for Regularly Shaped Masses. 


in Table I and plotted as open squares in Fig. 3. ‘The cooling rates 
of these shapes are the same as rounds having the same A/V values. 

3. The Effect of Austenite Composition on Cooling Rate—All 
work described so far was carried out on 32 per cent nickel-iron 
alloy. This alloy was used because it is austenitic (face-centered 
lattice) at all temperatures, does not crack on repeated heating and 
cooling, and resists scaling. To determine whether the austenite of 
typical air hardening steels cools at the same rate as the 32 per cent 
nickel austenite, center cooling rates were determined on Steels A, 
B and T (see Table IV for analyses of steels), using initial tem- 
peratures of 1600 and 1900 degrees Fahr. (870 and 1040 degrees 
Cent.). The sizes investigated were 6-inch diameter by 6 inches 
(Steel T) ; 2.75-inch diameter by 2.75 inches (Steel A) and 1.75-inch 
diameter by 1.75 inches (Steel B). 

These data are shown in Fig. 3 and they agree well with those 
obtained on the 32 per cent nickel-iron alloy. Included in Fig. 3 
are some rates past 1300 degrees Fahr. from an initial temperature 
of 1600 degrees Fahr. (870 degrees Cent.) obtained by French’ on 


a7" J. French, “The Quenching of Steels,’ American Society for Steel Treating (1930), 
p. 35. 
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an 0.89 per cent carbon steel. French’s values of A/V extended up 
to 9 and are all in good agreement with the curve of Fig. 3. 

4. Effect of Treating Temperature—The cooling rates de- 
scribed so far were mostly obtained by using an initial temperature of 
1600 degrees Fahr. (870 degrees Cent.). To determine whether the 
initial temperature had any effect on the rates, some of the 32 per 
cent nickel steel test pieces were heated to 1900 degrees Fahr. (1040 
degrees Cent.) and cooled. The center cooling rates obtained are 
given in Table I and Fig. 3. In Fig. 3 the center cooling rates 
from 1900 degrees Fahr. (1040 degrees Cent.) are shown as solid 
circles, squares, etc., corresponding to the open circles, squares, etc., 
which refer to cooling rates from 1600 degrees Fahr. (870 degrees 
Cent.). Within experimental error, the initial treating temperature 
has no effect on the rate of cooling through 1000 and 1300 degrees 
Fahr. (540 and 705 degrees Cent.). 

5. Ratio of Cooling Rates at 1300 Degrees Fahr. to That at 
1000 Degrees Fahr.—In Table I the ratio of the center cooling rate 
past 1300 degrees Fahr. (705 degrees Cent.) to that at 1000 degrees 
Fahr. (540 degrees Cent.) is computed and is practically 1.82 re- 
gardless of size, shape, or initial heating temperature. The signifi- 
cance of this fact is that the parameter used for air hardenability, 
such as the rate of cooling past 1000, or 600, or 1300 degrees Fahr., 
will be the same for rounds, slabs, blocks, and other regular shapes. 


Part II 


DEVELOPMENT OF AN AIR HARDENABILITY TEST 


The test developed for this purpose consists of taking a 6-inch 
round by 6-inch long slug of 32 per cent nickel-iron alloy, drilling a 
0.858-inch diameter hole through its center, and tapping about 1 inch 
at each end. (See Fig. 4). The hardenability specimen itself (Fig. 
4) is 7 inches long, of which 4 inches of this length (1-inch diam- 
eter) extends from the end of the 6-inch slug and the remaining 3 
inches (0.856 inch in diameter) reaches into the center of the slug 
Two specimens are inserted, one into each end of the 6-inch round, 
the assembly is then heated to the hardening temperature, soaked at 
heat, removed from the furnace, placed on an elevated wire screen, 
and air-cooled. The specimens are then unscrewed, flats ground on 
two opposite sides, and hardnesses taken at locations corresponding 
to definite cooling rates past 1000 degrees Fahr. (540 degrees Cent.). 
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Fig. 4—Gradient Cooling Air Hardenability Test Specimen. 


Tests were run to determine the cooling rate of the harden- 
ability specimen at distances of 4%, %, 114, 2, 234 and 344 inches 
from the face of the 6-inch slug; at 1 inch below the face; and at 
the center of the 6-inch slug with the specimen in place. For these 
measurements %-inch diameter holes were drilled to the center of 
the l-inch round specimen, and a 22-gage iron-constantan couple 
with a 0.120-inch diameter two-hole insulator was then wedged into 
the hole. The assembly was heated to temperature, removed from 
the furnace, and air-cooled by placing on a screen. Data for time- 
temperature curves were obtained with a potentiometer. 

Fig. 5 shows the rates past 1000 and 1300 degrees Fahr. 
(1075 to 925 and 1375 to 1225 degrees Fahr.). Three curves are 
shown on each set, one representing rates for an initial temperature of 
1600 degrees Fahr. (870 degrees Cent.), one for 1750 degrees Fahr. 
(955 degrees Cent.) and one for 1900 degrees Fahr. (1040 degrees 
Cent.). Unlike the simple shapes, the cooling rate of the harden- 
ability specimen is influenced by the initial temperature due to the 
feeding action of the 6-inch round slug. The higher the initial tem- 
perature, the greater this feeding action. 

With this test a range of A/V from 1.0 to 4.25 is covered in 
one cooling cycle, i. e., 21 to 105 degrees Fahr. per minute past 1000 
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Fig. 5—Cooling Rates Along the Hardenability Speci- 
men for Treating Temperatures of 1600, 1750 and 1900 
Degrees Fahr. (870, 955 and 1040 Degrees Cent.). 


degrees Fahr. A cooling rate of 124 degrees Fahr. per minute may 
be obtained by air-treating a l-inch round by 2-inch long (A/V = 
5) specimen. After heat treatment, the hardenability test specimen 
can be nicked and broken for fracture grain size. 

It was found that the cooling curve at any given location on 
the hardenability specimen did not follow that of simple shapes, but 
instead, the cooling rate became less, relative to the simple shape, 
as the temperature dropped. For example, at a distance of 2 inches 
from the face of the 6-inch slug the hardenability specimen cools 


like a 1.62-inch diameter by 1.62-inch long piece past 1300 degrees Fahr., 
(705 degrees Cent.) 

like a 2.14-inch diameter by 2.14-inch long piece past 1000 degrees Fahr., 
(540 degrees Cent.) 

like a 3.00-inch diameter by 3.00-inch long piece past 600 degrees Fahr., 
(315 degrees Cent.) 
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when the initial heating temperature is 1600 degrees Fahr. (870 de- 

grees Cent.). It therefore becomes necessary that a parameter for 

hardenability be chosen. Various hardenability parameters have 

been selected by various investigators, such as | 
(a) rate past 1300 degrees Fahr. (705 degrees Cent.) by H Ee French, 


(b) rate past 1000 degrees Fahr. (540 degrees Cent.) by E. C. Bain, 
(c) half temperature-time, by M. A. Grossmann, 


and to these may be logically added, 

(d) rate past the knee of the S-curve (this temperature may depart con- 
siderably from 1000 degrees Fahr. (540 degrees Cent.) due to the 
large quantities of alloying elements in the air hardening steels). 

To determine which hardenability parameter leads to the best 
agreement between the hardness at a given location on the harden- 
ability specimen and the hardness in the size round (A/V) having 
the same cooling rate past the temperatures of 600, 1000, and 1300 
degrees Fahr. (315, 540 and 705 degrees Cent.), comparative tests 
were made on several air hardening steels (containing about 1.20 per 
cent carbon, 2 per cent manganese, 1 per cent chromium and 1 per 
cent molybdenum) as follows: 

Hardnesses of these eight experimental air hardening steels were 
obtained in 4-inch round by 4-inch long cylinders, using a tempera- 
ture of 1550 degrees Fahr. (845 degrees Cent.) and soaking times 
of 20 minutes and 2 hours. These data are given in columns 2 and 3, 
Table II. This size round has an A/V of 1.5. The cooling rates 
for a 4-inch round by 4-inch long specimen past 1300, 1000 and 600 
degrees Fahr. (705, 540 and 315 degrees Cent.) are as follows: 

1300 degrees Fahr. (705 degrees Cent.) 58 degrees Fahr. per Minute 

1000 degrees Fahr. (540 degrees Cent.) 32 degrees Fahr. per Minute 

600 degrees Fahr. (315 degrees Cent.) 12.5 degrees Fahr. per Minute | 
These rates of cooling will be found on the air hardenability speci- 
men at the following distances from the 6-inch slug: 

58 degrees Fahr. per Minute (1300 degrees Fahr.) 0.12 inch 

32 degrees Fahr. per Minute (1000 degrees Fahr.) 0.60 inch 

12.5 degrees Fahr. per Minute (600 degrees Fahr.) 2.00 inches 
In other words, the above distances are those at which the harden- 
ability specimen cools like a 4-inch round by 4-inch long piece of 
steel past the temperatures of 600, 1000 and 1300 degrees Fahr. 
(315, 540 and 705 degrees Cent.). The upper nose on the S-curve 
for these steels is probably close to 1150 degrees Fahr. (620 degrees 
Cent.). 
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Table Il 
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A Comparison of Hardness on Hardenability Specimen and Actual Size Rounds, Based 
Upon Equal Cooling Rates Past 600, 1000 and 1300 Degrees Fahr. 





-——Rockwell C at——, -—— Difference in Re at, 





Treating -—Rce in 4” Rd.— 0.12” 0.60” 2.00” 0.12” 0.60” 2.0” 
Temps. 20 Min. 2 Hr. Degrees Fahr. 

Steel Deg. F. Soak Soak 1300 1000 600 1300 1000 600 
L 1550 60 60 56.5 60 62.5 —3.5 0 +-2.5 
M 1550 62 63 61 62 64 —1.0 0 +1.0 
N 1550 61 59 57 59.5 62 —2.0 0 +1.0 
O 1550 63 62 61 62.5 63 —1.0 0 0 
P 1550 64 63 63.5 62.5 62.5 0 —0.5 —0.5 
Q 1550 57 58 53 56 60.5 —4.0 —1.0 +2.5 
R 1550 63 62 62 61 61.5 0 —1.0 —0.5 
S 1550 62 63 59.5 61 63.5 —2.5 —1.0 +0.5 

2.10 Per Cent C, 12.5 Per Cent Cr, 1.0 Per Cent Mo Ste 
0.12” 0.65” 2.00” 0.12” 0.65” 2.00” 
Degrees Fahr. 
45 Min. Soak 1300 1000 600 1300 1000 600 
© 1750 44/45 45.5 46 61.5 +0.5 +1.0 +16.5 
0.40” 0.80” 2.00” 0.40” 0.80” 2.00” 
Degrees Fahr. 
45 Min. Soak 1300 1000 600 1300 1000 600 
Cc 1800 50 49 —1.0 


51 62 +10 +14 





Measurements of Rockwell “C’ hardness on the hardenability 
specimens of these eight experimental steels at the locations given 
above were made and are shown in columns 4, 5 and 6, Table II. 
Columns 7, 8 and 9 show the difference between the hardness at 
these three locations and the range of hardness found in the 4-inch 
round by 4+inch long specimen for the 20-minute and 2-hour soaks. 
These data indicate closest agreement when the cooling rate past 
1000 degrees Fahr. (540 degrees Cent.) is chosen as the harden- 
ability parameter. The 1300-degree Fahr. (705-degree Cent.) param- 
eter results in hardnesses on the hardenability specimen which 
are too low and the 600-degree Fahr. (315-degree Cent.) parameter 
results in hardnesses on the specimen which are too high, thereby 
indicating that best agreement can be had by using a parameter 
somewhere between 600 and 1300 degrees Fahr. (315 and 705 degrees 
Cent.). For this reason 1000 degrees Fahr. (540 degrees Cent.) was 
chosen, and is used here in the following experiments. Fortunately 
the cooling rate gradient past 1000 degrees Fahr. (540 degrees Cent.) 
is less steep than that past 1300 degrees Fahr. (705 degrees Cent.) 
This facilitates locating the hardness position on the hardenability 
specimen, for as has been shown, the cooling of a 4-inch diameter by 
4-inch mass corresponds to a distancé of only 0.12 inch from the 
6-inch slug when the rate past 1300 degrees Fahr. (705 degrees 
Cent.) is used, but is 0.60 inch when 1000 degrees Fahr. (540 de- 
grees Cent.) is used. (Treating temperature 1600 degrees Fahr.). 


Other air hardening steels, such as the high-carbon, high-chro- 
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mium steels, have the knee of the S-curve located at higher tempera- 
tures than that of the above experimental steels (Mn-Cr-Mo steels) 
and perhaps another parameter would be more suitable for this type 
of steel. To determine this, similar comparison tests were carried 
out on Steel C (Table IV). This is usually thought of as a deep 
oil hardening steel, and so is more sensitive to the influence of size 
on the resulting hardness. Such a steel amplifies the error in hard- 
ness comparisons between the hardenability test specimen and ac- 
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Fig. 6—Air Hardenability Chart. 





tual rounds if the wrong hardenability parameter is chosen. These 
data on the high-carbon, high-chromium Steel C also are shown in 
Table II. It will be observed that 600 degrees Fahr. (315 degrees 
Cent.) is too low a temperature upon which to base a parameter for 
hardenability, while either the 1000 or 1300-degree Fahr. (540 or 
705-degree Cent.) parameter would be satisfactory. 

A form of air hardenability chart, based upon the cooling rate 
past 1000 degrees Fahr. (540 degrees Cent.) as the hardenability 
parameter, is shown in Fig. 6. 14 Rockwell “C” hardness measure- 
ments are made along the length of the ground hardenability speci- 
men. These measurements are made at locations corresponding to 
5-degree-Fahr.-per-minute cooling rate intervals from 25 degrees 
Fahr. per minute to 60 degrees Fahr. per minute, and to 10-degree 
Fahr.-per-minute intervals from 60 degrees Fahr. per minute to 
100 degrees Fahr. per minute. Hardnesses are also measured at 
inside end of specimen and at point of entry into the 6-inch round by 
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Table Ill 
Locations for Measuring Hardness on Hardenability Specimen Depending on 
Initial Heating Temperature 


Location in Inches on Hardenability Specimen 






Number Cooling Rate Where This Cooling Rate Occurs 
of °F./ Min. -—— Using Initial Temperatures of ——_, 
Impression Past 1000 °F. 1600 °F. 1750 °F. 1900 °F. 














Center Center Center Center 

1 2 0 0 0 

2 30 0.45 0.50 0.62 
3 35 0.75 0.85 1.00 
4+ 40 1.00 1.13 1.35 
5 45 1.22 1.38 j 

6 50 1.44 1.60 

7 5 1.78 

8 1.98 

9 2.31 

10 2.62 

11 3.00 

12 3.48 

13 3.85 
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6-inch long cylinder. The positions along the specimen at which 
these cooling rates occur vary with treating temperature, as men- 
tioned previously. These locations for initial heating temperatures 
of 1600, 1750 and 1900 degrees Fahr. (870, 955 and 1040 degrees 
Cent.) are shown in Table III. The hardnesses developed at these 
locations are then plotted logarithmically against the cooling rate. 
The above described test has been found to be useful in con- 
ducting investigations on the hardenability of air hardening steels. 
The test, however, is too laborious for routine investigation of steels 
as is done with the oil and water hardening grades. As a matter of 
fact, this is not necessary in air hardening steels, because it is gen- 
erally sufficient to obtain the hardenability for a type analysis. Due 
principally to the high alloy concentration found in air hardening 
steels, the variation in hardenability from heat to heat is negligible. 


Part III 


THe EFFect oF SEVERAL HEAT TREATING VARIABLES ON AIR 
HARDENABILITY 


1. Effect of Treating Temperature on Air Hardenability—The 
effect of treating temperature was determined on the two air hard- 
ening steels, A and B, and the high-carbon, high-chromium Steel C. 
The hardenability assembly was placed in the furnace at 1300 de- 
grees Fahr. (705 degrees Cent.) and allowed to heat up with the 
furnace in order to minimize differences in heating rates due to the 
difference in size of the 1l-inch round specimen and the 6-inch slug. 
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The assembly was held at heat for 45 minutes, using the following 


temperatures ° 
Steel Temperatures 
A 1700, 1750, 1800, 1850 Degrees Fahr. 
B 1800, 1850, 1875, 1900 Degrees Fahr. 
Cc 1700, 1750, 1800, 1850 Degrees Fahr. 


The assembly was then removed from the furnace and air-cooled. 
The results are shown in Fig. 7. 
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Fig. 7—Effect of Treating Temperature on Air Harden- 
ability of Steels A, B and C. Treating Temperature and 
Fracture Grain Size Shown on Each Curve. 


Steel A (Fig. 7) shows a maximum hardness and greatest hard- 
enability using a treating temperature of 1750 degrees Fahr. (955 
degrees Cent.). The center hardness of pieces having an A/V of 
1 (6-inch round by 6 inches long) is then 62 R,. The lower treating 
temperature of 1700 degrees Fahr. (925 degrees Cent.) appears to 
be satisfactory for pieces having an A/V of 1.75 or more, but in 
large sizes, the hardness drops off to 59 R, at A/V —1 when treat- 
ing from this lower temperature. When treating from the higher 
temperature of 1800 degrees Fahr. (980 degrees Cent.), enough aus- 
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tenite is apparently retained to drop the maximum hardness to 60 
R,. or lower. This maximum hardness of 60 R, is obtained with the 
larger sizes (A/V —1), whereas at A/V —4 it drops to 59 R, 
indicating that the slower cooling favors the decomposition of the 
austenite to martensite. Still more austenite is retained by treating 
from 1850 degrees Fahr. (1010 degrees Cent.), and like treating 
from 1800 degrees Fahr. (980 degrees Cent.), the maximum hard- 
ness of 55 R, is obtained at low A/V values, and the hardness drops 
with increasing A/V to 52 R, at A/V = 4. 

Steel C, Fig. 7, is considered to be oil hardening, but the hard- 
enability curves show that it will air harden to 63 R. or better in 
sizes up to 2% inches round by 2% inches long (A/V = 2.4 or 
more) when a treating temperature of 1800 degrees Fahr. (980 de- 
grees Cent.) is employed. Higher hardness, 64 R., may be obtained 
for small sizes (1 inch round or less) by treating from 1750 degrees 
Fahr. (955 degrees Cent.) instead of 1800 degrees Fahr. (980 de- 
grees Cent:). This is in agreement with the recommended oil treat- 
ing temperature for this steel; e.g., oil-quenching from 1750 de- 
grees Fahr. (955 degrees Cent.) yields a maximum hardness of 
65 to 66 R,. 1850 degrees Fahr. (1010 degrees Cent.) appears to_be 
too high a treating temperature even for air treatment, because suff- 
cient austenite is retained to decrease the maximum hardness to 62 
R.. The 1850-degree Fahr. (1010-degree Cent.) treating temper- 
ature does, however, increase the hardness of larger sizes (A/V = 
2 or less), because, with the more stable austenite formed, trans- 
formation does not take place in the pearlite zone, but more so at 
temperatures below the “M” point than is permissible with lower 
treating temperatures. 

Steel B (Fig. 7) is shown by the hardenability curves to be 
extra deep hardening and easy to heat treat. This steel, incidentally, 
is noted as an exceptionally tough air hardening steel. As shown 
in Fig. 7 it air hardens to 57 to 59 R, in all sizes from A/V = 4 to 
A/V =—1;1.e., from sizes 1 to 6 inches in diameter. The best treat- 
ing temperatures appear to be 1875 degrees Fahr. (1025 degrees 
Cent.) for air-treating larger sizes and 1850 degrees Fahr. (1010 
degrees Cent.) for treating smaller sizes (4 inches in diameter or 
less). Treating from 1800 degrees Fahr. (955 degrees Cent.) results 
in insufficient carbide solution and slightly lower hardness. Likewise, 
the 1900-degree Fahr. (1040-degree Cent.) treatment results in hard- 
nesses slightly low, probably due to the retention of austenite. 
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2. Effect of Time at Treating Temperature on Air Harden- 
ability—This series of tests was carried out for two reasons: 

(a) To determine the effect of soaking time on the hard- 
enability of several steels, 

(b) To determine what effect this soaking time had on the 
hardenability procedure, inasmuch as the assembly varies 
from 1 to 6-inch round cylinders, and consequently the 
soaking times are different for various parts. 

One would normally expect that increased soaking time would 
act similar to increased treating temperature. Therefore, if the 
treating temperature at which the soaking time is being investigated 
is lower than that which produces maximum hardness, the longer 
soaks should increase the hardness ; conversely, if the steel is treated 
at the temperature which produces maximum Rockwell hardness, 
longer soaks would probably decrease the hardness due to the greater 
solution of alloying elements and the retention of more austenite. 

Tests to determine the effects of soaking times were carried out 
on Steels A, B and C, previously mentioned. These steels were 
held for %, 1 and 4% hours at heat, using temperatures of 1750 
degrees Fahr. (955 degrees Cent.) for Steels A and C, and 1875 
degrees Fahr. (1025 degrees Cent.) for Steel B. The hardenability 
curves obtained are shown in Fig. 8. 

As shown in Fig. 8C, which relates to the high-carbon, high- 
chromium Steel C, the 41%4-hour soak resulted in somewhat greater 
hardness for the larger sizes (A/V —2.5 or less) than the % or 
1-hour soak. There is not much difference in hardness between the 
'4-hour and the 1-hour soaks. 

Fig. 8A shows the effect of soaking time on the hardenability 
of Steel A. Although the effect is small, the shorter soaking time 
of % hour results in an increase of about 1 R, point in hardness 
over that obtained by soaking for 4% hours. Soaking for 1 hour 
results in intermediate hardnesses. As shown in Fig. 7 increasing 
the treating temperature of this steel above 1750 degrees Fahr. (955 
degrees Cent.) results in the retention of considerable austenite with 
a decrease in hardness. Thus, the longer soaking time of 4%4 hours is 
in agreement with the statement that the longer hold would be similar 
to increasing the treating temperature. 

Fig. 8B which relates to Steel B shows that soaking time has 
practically no effect upon the hardenability. This is in agreement 
with the results found in Fig. 7 to the effect that change in the treat- 
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ing temperature has practically no influence upon the hardenability. 

These tests on the effect of soaking time on air hardenability 
show that extremely long soaks are equivalent to an increase in treat- 
ing temperature. However, there is little difference in hardenability 
when one compares the results obtained from %-hour to 1-hour 
soaks. The significance of these results is that the differences in 
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Fig. 8—Effect of Soaking Time on Air Hardenability of 
Steels A, B and C 


soaking time to be found in the different parts of the hardenability 
assembly would have little effect on the hardenability results. 

3. Rate of Heating Through the Critical—Due to the fact that 
the hardenability assembly consists of a 6-inch diameter section and 
a l-inch diameter section, the latter would naturally heat faster 
through the critical range, and the following tests were carried out 
on Steels A and B to determine whether the rate of heating through 
the critical range has an effect on hardenability. 

Steel A was heated slowly through the critical as follows: The 
gas furnace used was set at 1300 degrees Fahr. (705 degrees Cent.), 
the assembly placed in the furnace, allowed to come to temperature, 
and then slowly heated with the furnace to 1600 degrees Fahr. (870 
degrees Cent.). Following this, the assembly was heated in the nor- 
mal manner to 1750 degrees Fahr. (955 degrees Cent.), held at heat 
for 30 minutes, and air-cooled. To obtain fast heating the gas fur- 
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nace was set at 1600 degrees Fahr. (870 degrees Cent.), the 6-inch 
slug placed in the furnace and heated to 1600 degrees Fahr. (870 
degrees Cent.). After the 6-inch slug was heated to 1600 degrees 
Fahr. (870 degrees Cent.), the hardenability specimen was placed 
in the furnace and heated to 1600 degrees Fahr. (870 degrees Cent.), 
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Fig. 9—Hardenability Curves of Several Air Hardening Steels. 


and while hot it was screwed into the slug. Following this, the 
assembly was heated to 1750 degrees Fahr. (955 degrees Cent.), 
held at heat for 30 minutes, and air-cooled. It was found that the 
rate of heating had no effect on the hardenability. 

Steel B was similarly treated using a temperature of 1350 de- 
grees Fahr. (730 degrees Cent.) instead of 1300 degrees Fahr. 
(705 degrees Cent.) ; 1650 degrees Fahr. (900 degrees Cent.) in- 
stead of 1600 degrees Fahr. (870 degrees Cent.) ; and 1850 degrees 
Fahr. (1010 degrees Cent.) instead of 1750 degrees Fahr. (955 de- 
grees Cent.). It was again found that rate of heating through the 
critical had no effect on the hardenability. 

4. Hardenability of Typical Air Hardening Steels—The air 
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hardenability of some typical air hardening steels (A to K inclusive) 
is shown in Table IV, together with analyses, and heat treatment 
employed. The hardenability curves of Steels D, E, F, G, H, J and 
K are shown in Fig. 9; those of the other steels in Table IV have 
been presented in Figs. 6 and 7. Table IV shows the minimum A/V 
(largest regular size) which can be hardened to a given R, hardness 
for a given heat treating procedure. To illustrate this table, the hard- 
enable stainless steel, E (Type No. 440), can be air hardened from 
1875 degrees Fahr. (1025 degrees Cent.) to 60 R, in all sizes smaller 
than that which has an A/V of 1.4. This A/V value corresponds to 
a cylinder about 4 inches in diameter by 4 inches long, or a 4-inch cube. 
All sizes smaller than this will harden to at least this Rockwell hard- 
ness. This is true because none of the steels listed in Table IV re- 
tain more austenite in sizes down to l-inch round than they do in 
6-inch rounds. 

In applying the data of Table IV it will suffice to make an 
estimate of the A/V value for the piece to be heat treated. In 
most cases it will generally suffice to neglect small holes, protrusions 
and small recesses in calculating the A/V value for a die or a tool. 
In the case of large holes in the tool which contribute substantially 
to the calculated A/V value these should obviously be included in 
the calculation. In general, the variation in air hardenability of an 
air hardening steel is negligible from heat to heat for a given type 
analysis; consequently the data of Table IV should lead to accurate 
estimates of the hardness to be expected in various size and shape 
tools made from these types of steels. 


SUMMARY 


1. Experimental data are presented to show that the center 
cooling velocity of regular shapes is controlled by the area per unit 
volume, A/V, relationship, and is independent of treating tempera- 
ture. 

2. A gradient air hardenability test is described. This test 
enables a determination of the air hardening properties of a given 
air hardening steel to be made, ranging from the equivalent of a 
l-inch round by 8-inch long cylinder to a 6-inch round by 6-inch 
long cylinder (A/V = 4.25 to A/V =1). 

3. Air hardenability is stated here in terms of the cooling veloc- 
ity (degrees Fahr. per minute) with which the steel must be cooled 
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past 1000 degrees Fahr. (540 degrees Cent.) to obtain a given R, 
hardness. The rate past 1000 degrees Fahr. (540 degrees Cent.) 
leads to a better correlation between the hardenability specimen and 
actual rounds and shapes, than the rate past 1300 degrees Fahr. 
(705 degrees Cent.), or that past 600 degrees Fahr. (315 degrees 
Cent.) 

4. Small changes in hardening temperature have an effect on 
the hardness of the high-carbon (over about 1 per cent) air harden- 
ing steels, but have little effect on the hardness of the lower carbon 
steels. Small differences in soaking time, such as between % hour 
and 1 hour, appeared to have little effect on the hardness obtained. 
Differences of 1-hour and 4-hour soaking times have an effect similar 
to increasing the treating temperature. 

5. The rate of heating through the critical has a negligible 
effect on air hardenability probably due to the large quantity of 
alloying elements present in the air hardening steels. 

6. In most cases it is possible to make a good approximation 
of the A/V value of a tool to be heat treated. Combining this value 
with the hardenability of the steel to be used, it is a simple matter 
to estimate with accuracy the hardness to be obtained throughout the 
tool by air treatment. 

7. The hardenability of several typical air hardening steels is 
presented in Table IV. 

In general the variation in air hardenability of air hardening 
steels is negligible from heat to heat for a given type analysis; con- 
sequently the data of Table IV should lead to accurate estimates of 
the hardness to be expected in various size and shape tools made 
from those air hardening steels. 
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DISCUSSION 


Written Discussion: By Stewart M. DePoy, metallurgist, Delco Prod- 
ucts Diy., General Motors Corp., Dayton, Ohio. 

To the knowledge of the discusser, this is the first work done on the 
hardenability of air hardening steels. In the past the only method of checking 
this type of material was a cross section test. 

It is unfortunate that the test is as cumbersome as it is. This fact more 
or less eliminates the test for routine checking of received material. However, 
as the authors state, this type of material will not vary much in hardenability 
from heat to heat. This fact, coupled with the information shown in Table IV, 
makes the results of the paper very useful for the tool maker and tool designer. 

It is suggested that the cooling rates be converted from degrees per min- 
ute to degrees per second. This would give a ready comparison between air 
hardening and oil and water hardening steels. For example: 

Standard oil hardening tool steels required a cooling rate of approximately 
25 degrees Fahr. per second to harden to 60 Re when austenitized at 1500 
degrees Fahr. (815 degrees Cent.). The authors show that Steel C, an oil 
hardening high-carbon, high-chromium type, requires a cooling rate of about 
0.715 degree per second to harden to 60 Re when austenitized at 1800 degrees 
Fahr. (980 degrees Cent.). By comparison it may be said that the hardenability 
of Steel C is about 35 times greater than that of manganese oil hardening steels. 

The authors have shown quite conclusively the effect of high austenitizing 
temperatures on most air hardening steels. It is pointed out that the retained 
austenite phenomenon is much more pronounced on the 1 per cent carbon, 5 
per cent chromium, 1 per cent molybdenum type than on other air hardening 
steels. This explains the inconsistent results that have been reported from the 
field on this type of material. However, the authors show that proper aus- 
tenitizing temperature and time will probably produce as good or better finish 
structure than can be obtained from the competitive types. 

It would be interesting to observe the effect of this hardenability test on 
high speed steels. Have the authors conducted any such tests, and if so, what 
were the results? 

The authors have contributed a very informative paper to the literature 
on hardenability. It is also useful to the metallurgist or tool designer for the 
selection of the proper material for large tools or dies. The A/V method 
used by the authors is quite clever, and makes it possible for a quick examina- 
tion of the hardness expectancy of any shape of piece. The authors are to be 
congratulated on this splendid paper. 

Written Discussion: By Arthur E. Focke, research metallurgist, Diamond 
Chain and Manufacturing Co., Indianapolis. 

This very instructive paper attracted our attention because we use air 
hardening steels in many of our tools. We treat them in an atmosphere con- 
trolled furnace and cool them in a water-cooled chamber attached to the furnace 
in which the cooling rate is supposed to be essentially the same as that obtained 
in air. 

The tools are run on a wire mesh tray so that they are not in direct con- 
tact with the water-cooled wall. For some time we have observed that the 
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hardness we developed from this method, particularly on large sections, was 
not as high as that which was recorded in the sales literature for the type of 
steels used, and we have suspected that our cooling rate was not as high as 
in air. 

It was obvious that the data in this paper would make it possible for us 
to compare very quickly the results from this method with those of a regular 
air cool. However, in order to be sure that we understand the authors’ data 
and calculations it was necessary to work through them, and for-this we found 


it convenient to remember that for cylinders 
2d + 4L 













A/V = 





in which “d” is the diameter and “L” the length; that if “d’” equals “L” then 







6 2xy + 2xz + 2yz 
A/V = —-; that for parallelopipeds A/V = ———————————- where x, y, and 
L xyz 
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z are the length of the sides respectively ; and that for a cube A/V = —. 
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Fig. A—Cooling Curves. Type C Air Hardening Tool Steel. 









Unquestionably the authors felt that it was unnecessary to lengthen their 
paper by the inclusion of such elementary mathematics, but to the writer it 
seemed desirable to note these relationships for the benefit of other practical 
heat treaters who may wish to study and use the data of this valuable paper. 
To test our equipment we made up a 3-inch, a 2-inch, and a 1-inch 
cube of the steel identified as type “C” in this paper. These were heated to 
1800 degrees Fahr. (980 degrees Cent.) and cooled in the chamber. After 
hardening, the Rockwell “C” hardness at the center of the face of these cubes 
was 40-43, 60-62, and 62-64, respectively, before grinding and 38-40, 56-60, and 
60-63 after grinding off 0.005 inch. From the 1800-degree Fahr. (980-degree 
Cent.) curve in Fig. 7, it can be seen that these hardnesses would be expected 
at cooling rates of slightly less than 20 and about 37 degrees Fahr. per minute 
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for the 3 and 2-inch cubes; and since the A/V relations for these are 2 and 3 
respectively, it would appear that the cooling rate in our equipment is only 
about one-half of that obtained in air. 

This explains why we got only a hardness of about 60 on some rolls which 
were about 8 inches in diameter and 3 inches thick (A/V = 1.16) made from 
a steel designated as type D in this paper, since the cooling rate in our equip- 
ment for a piece this large could be expected to be only about 11 degrees Fahr. 
per minute (about one-half of 22 shown in Fig. 3 for this A/V ratio) and from 
Fig. 9 it is evident that full hardness would not be developed at this rate. 

However, in this same series we drilled a hole % inch deep in the center 
of one face and in it we inserted a No. 8 gage chromel-alumel thermocouple. 
The cooling curves for the three cubes are shown at the left in Fig. A. Note 
that both the 2 and 3-inch cubes show evidence of high temperature transforma- 
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tion but by extrapolation of these curves and by averaging the actual tempera- 
ture drop in various time intervals for those which do not show recalescence 
the following cooling rates were obtained : 


Cooling Rate 
-~Degrees Fahr. Per Minute—, 
Sample A/V At 1300 At 1000 
3” cube 2 73 35 
2” cube 3 113 56 
1” cube 6 320 140 


When these results are compared with the authors’ curve of Fig. 3 (re- 
corded as crosses in Fig. B), it would appear that the actual cooling rate in our 
cooling chamber was only slightly less than in air. To check these results 
further, each branch of the thermocouple was welded to the surface of the 3- 
inch cube about % inch apart at the center of the face opposite that drilled for 
the previous test and the sample retreated. 
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The cooling curve for this test is shown at the right in Fig. A, the apparent 
cooling rate at 1300 degrees Fahr. (705 degrees Cent.) was about 100 degrees 
Fahr. per minute and at 1000 degrees Fahr. (540 degrees Cent.) it was about 
60 degrees Fahr. per minute and these results are shown as circled crosses in 
Fig. B. The surface hardness at the center of the faces of this re-treated block 
was the same as before (38 to 44 Rockwell “C’’). 

It is possible that our method of measuring the temperature was not correct 
but if one accepts these cooling rate data it is necessary to look for some other 
explanation for the low hardness values. 

While these contradictory results are confusing, we feel that this paper 
has given us a tool with which to analyze our results critically and we sincerely 
appreciate the time and effort which the authors expended to make it available 
to us. 

Authors’ Reply 


Mr. DePoy points out that expressing the cooling rates in degrees per sec- 
ond would be more convenient for comparative purposes than expressing them 
in degrees per minute. The authors agree that there is considerable merit to 
this suggestion but have used minute units in order to avoid expressing the 
rates in decimals. The method and example shown for comparing the hard- 
enability of oil and air hardening steels is interesting, and the statement that 
Steel C has about 35 times the hardenability of manganese oil hardening steels 
demonstrates that Steel C is on the borderline betwen air hardening and oil 
hardening steels. Up until the present time no air hardenability tests of -the 
nature described have been carried out on high speed steels but substitute tests 
are contemplated. The extremely high temperatures employed in treating high 
speed steel would be detrimental to the life of the 6-inch round employed but 
this difficulty could be minimized by heating only the hardenability specimen 
to the treating temperature and then screwing it into the 6-inch round slug 
portion at some lower temperature, say around 1600 degrees Fahr. (870 degrees 
Cent.), and from there allowing the entire assembly to cool to room tempera- 
ture. Perhaps a better method of determining the hardenability of these high 
temperature steels is to cool them in a controlled-rate cooling furnace at various 
rates past 1300 and 1000 degrees Fahr. (705 and 540 degrees Cent.) as it has 
been shown that it is the rates of cooling past these temperatures which deter- 
mine the hardness of the steels. This cooling rate would be employed only 
within the close vicinity of 1000 to 1300 degrees Fahr. (540 to 705 degrees 
Cent.). After passing through this narrow range the small specimen used 
could be air-cooled. The authors appreciate Mr. DePoy’s interest in this 
work and wish to thank him for his constructive criticism. 

The authors were greatly interested in the description of the simulated air- 
cooling equipment used by Dr. Focke and were pleased to learn that this paper 
was of some value in his work. There appears to be no explanation as to 
why the hardnesses obtained by Dr. Focke on Steel C differ from those pre- 
sented by the authors. It may be well to point out that Steel C is what would 
be considered a shallow air hardening or deep oil hardening steel, and it may 
be the difference in analysis and grain size of this type of steel together with 
the marked change in hardenability with temperature, especially between the 
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treating temperatures of 1750 and 1800 degrees Fahr. (955 and 980 degrees 
Cent.), as shown in Fig. 7, would cause appreciable differences in the hard- 
nesses obtained in various size rounds. Up to the present time the authors 
have run only a limited number of hardenability tests on this steel and unfor- 
tunately there is not sufficient time available before the publication deadline 
to carry out more tests to ascertain the variation in hardenability with changes 
in analysis. However, more tests on this steel are contemplated. Dr. Focke’s 
data show that the cooling rate of the 3-inch square is 100 degrees Fahr. per 
minute past 1300 degrees Fahr. (705 degrees Cent.) and 60 degrees Fahr. per 
minute past 1000 degrees Fahr. (540 degrees Cent.), and that these values are 
appreciably faster than obtained on the inside of the same slug; namely, 73 and 
35 degrees Fahr. per minute respectively. This is in variance with the results 
obtained by the authors but a difference in technique perhaps accounts for the 
difference in results. The authors placed the thermocouple bead under the sur- 
face of the metal, whereas Dr. Focke welded the thermocouple wires directly | 
on to the surface. The authors were reluctant to use the latter method because 
of a possible tendency of the junction to cool faster than the surface of the 
metal. The reduced formula which Dr. Focke presents for the determination of 
A/V will no doubt be a help to those who wish to apply the material presented 
in the paper or carry out further experiments. Dr. Focke’s discussion indicates 
that he has spent considerable time on the subject of air hardenability and the 
authors appreciate his discussion. 











THE PARTITION OF MOLYBDENUM IN STEEL AND 
ITS RELATION TO HARDENABILITY 


By Frep E. BowMAN 
Abstract 


The investigation of the partition of molybdenum 
between ferrite and carbide formed isothermally from 
austenite and by tempering martensite has been extended 
to 1200 and 1100 degrees Fahr. (650 and 595 degrees 
Cent.). Molybdenum segregates to the carbide when the 
isothermal transformation takes place at these tempera- 
tures. The complex carbide (Fe,Mo),,C,, previously 
reported at 1300 degrees Fahr., continues to form at lower 
subcritical transformation temperatures. 

An explanation for the increased hardenability pro- 
duced in steels by molybdenum 1s offered on the basis of 
the effect of this segregation and altered carbide struc- 
ture on nucleation rates. 

The alpha tron lattice parameter versus molybdenum 
content relationship is extended to the room temperature 
solid solubility limit (6 per cent molybdenum). 


kinetics of the molybdenum atom during the hardening process. 
Early attempts to explain the effect of third elements on harden- 


sion of carbon in austenite. 


ability postulated that the added element retarded the rate of diffu- 
Wells and Mehl (7) have shown for 
nickel and manganese, and Ham, Parke, and Herzig (3) have shown 
for molybdenum, that the effect of these elements upon the rate of 
diffusion of carbon in austenite cannot account entirely for their 


influence upon the rate of transformation of austenite. 




















UCH progress has been made in developing a mechanical de- 

scription of the action of the carbon atom in the process of 
hardening steel, but not nearly as much clarity has been achieved in 
the description of the part third elements play in co-operation with 
the carbon atom to increase the hardenability of steel. This report 
is the seventh of a series (1) to (6)* intended to determine the 


*The figures appearing in parentheses pertain to the references appended to this paper. 


A paper presented before the Twenty-sixth Annual Convention of the So- 


ciety held in Cleveland, October 16 to 20, 1944. The author, Fred E. Bowman, 
is associated with the research laboratory, Climax Molybdenum Co., Detroit. 
Manuscript received June 1, 1944. 
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The diffusion of the alloying element remained as the most ob- 
vious explanation for the increased hardenability produced by the 
alloying element. The decomposition of austenite, at temperatures 
above that at which martensite is formed, involves the formation of 
two constituents, ferrite and carbide. If the diffusion of the alloy- 
ing element in austenite is the factor determining the rate at which 
the austenite transforms, the alloy content of one or the other of 
these constituents must be higher than that of the parent phase. In 
this report it will be shown that molybdenum does diffuse to the 
carbide during transformation of austenite even at subcritical tem- 
peratures as low as 1100 degrees Fahr. (595 degrees Cent.). + It 
was shown previously (5) that the carbides formed by isothermal 
transformation at 1300 degrees Fahr. contained a major portion of 
the total molybdenum originally present in the austenite. 

In that temperature region where molybdenum displays its 
greatest influence, austenite decomposes into a lamellar aggregate of 
ferrite and carbide. This transformation proceeds through a proc- 
ess of nucleation and growth and the nucleating phase, as deter- 
mined by metallographic observation, is the carbide. The fact that 
these carbides contain a large portion of the total molybdenum pres- 
ent indicates that the partition of this element is related to its effect 
upon hardenability. | 


EXPERIMENTAL PROCEDURE AND RESULTS 


The results of a study of the partition of molybdenum which 
occurs during the isothermal transformation at 1300 degrees Fahr. 
(705 degrees Cent.) of pure iron-molybdenum-carbon alloys of ap- 
proximately eutectoid carbon content have been reported earlier (5). 
That report also included the data obtained from long-time tempering 
treatments of the martensitized alloys. The present work is con- 
cerned with an extension of the study to transformation tempera- 
tures down to 1000 degrees Fahr. (540 degrees Cent.). 

A new series of alloys was prepared, closely approximating the 
composition of the eutectoid alloys used in the earlier work. As pre- 
viously, these alloys were prepared by vacuum melting electrolytic 
iron, pure molybdenum powder, and carbon. Developments in tech- 
nique, however, permitted the new alloys to be vacuum cast into a 
l-inch internal diameter thick-walled steel mold. As a result, less 
segregation of molybdenum was encountered in these ingots than in 
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the earlier ones, which had been allowed to solidify in the crucible. 
After being forged into strips % by 1 inch in cross section the mate- 
rials were homogenized in vacuum for 50 hours at 2200 degrees 
Fahr. (1205 degrees Cent.). Newly determined diffusion data (6) 
indicated the advantage of the higher homogenization temperature 
over the treatment at 2000 degrees Fahr. (1095 degrees Cent.) used 
formerly. No decarburization could be detected metallographically. 

Times for the completion of the subcritical transformation of 
austenite in the various alloys were determined metallographically 
from samples austenitized in a deoxidized lead bath at 1600 degrees 
Fahr. (870 degrees Cent.) and then quenched into lead baths and 
held for various lengths of time at 1200, 1100, and 1000 degrees 
Fahr. (650, 595, 540 degrees Cent.). 

Attempts to separate the carbides electrolytically from material 
transformed at 1200 degrees Fahr. (650 degrees Cent.) were unsuc- 
cessful. Although the results obtained by identical methods from 
alloys transformed at 1300 degrees Fahr. (705 degrees Cent.) were 
excellent, the increased fineness of the carbides formed at the lower 
temperature greatly increased their reactivity toward the electrolyte. 

The X-ray apparatus and techniques employed in the investiga- 
tion of carbide structures and in determining the partition of molyb- 
denum have been described previously (5). Since the first report on 
the effect of dissolved molybdenum on the lattice parameter of alpha 
iron (4) an opportunity has arisen to extend these measurements to 
the approximate limit of room temperature solid solubility, or to 6 
per cent molybdenum. In the course of this work, corrections were 
made in the a,values of the two highest molybdenum alloys pre- 
viously reported. No occasion had arisen to use the values from 
these two alloys in determining the partition of molybdenum. The 
revised and extended lattice parameter versus molybdenum content 
relationship is shown in Fig. 1. 

Samples austenitized at 1600 degrees Fahr. (870 degrees Cent.) 
and completely transformed at 1200 degrees Fahr. (650 degrees 
Cent.) in a lead bath were prepared for X-ray examination. Scale 


1It was found that the stress-relieving temperature selected for the alloy samples had 
an appreciable effect upon the lattice parameter. Stress lowered the ao value, and this 
effect was most pronounced in the higher molybdenum alloys. One hour at 2000 degrees 
Fahr. (1095 degrees Cent.) was necessary to anneal the filings completely in the case of 
the 6 per cent molybdenum alloys. 

This sluegishness of iron-molybdenum alloys in recovering from lattice distortion is 
significant. Wilson and Thomassen (8) have reported that there is a correlation between 
creep strength and the times and temperatures necessary to produce sharp diffraction pat- 
terns in cold-worked alloys. The improvement in creep resistance imparted to steels by 
molybdenum is probably related to the resistance to stress relief noted in the binary alloys. 
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was removed and the surface was deeply etched in dilute nitric acid. 
Diffraction patterns were made in a Debye-Scherrer type camera 
with the sample arranged to intercept the beam with an edge. Ex- 


Qo Value 
286254 
2865685 
2.86690 
2.87094 
2.87261 





Fig. 1—The Alpha Iron Lattice Parameter as it is Related to Molyb- 
denum Content. 


cellent patterns of the carbides were obtained in each case and the 
structures were found to be identical with those formed at 1300 de- 
grees Fahr. (705 degrees Cent.).2 The pattern of the 0.30 per cent 
molybdenum alloy revealed the orthorhombic structure of cementite, 
while those from the alloys containing 0.51, 0.74, and 1.02 per cent 
molybdenum revealed the presence of the face-centered cubic (Fe, 
Mo)o3Cg. 

In the case of the alloys transformed at 1300 degrees Fahr. (705 
degrees Cent.) the X-ray method gave data agreeing excellently with 
those obtained by chemical separation and analysis of the carbide. 
However, as noted earlier, satisfactory chemical separation of the 
carbides formed at 1200 degrees Fahr. (650 degrees Cent.) was im- 
possible. Furthermore, the ferrite back-reflection patterns from the 
alloys transformed at this lower temperature were much more diffuse 
than those obtained from the material transformed at 1300 degrees 
Fahr. (705 degrees Cent.). This diffuseness of interference line, 
which can be due to fineness of the grains, inhomogeneity, or stresses, 





“Etching the sample with dilute nitric acid permitted the carbide patterns to be obtained 


directly from the solid sample. No patterns of the carbide could be obtained from 
unetched samples. 
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increased appreciably with the molybdenum content of the alloy. 
Therefore, the results given in Table I, although the best obtainable, 
are not of the same degree of accuracy as those reported in the ear- 
lier paper (5) for 1300 degrees Fahr. (705 degrees Cent.), but they 
do permit an estimation of the alloy content of the two phases. 

It was found that the carbides formed from martensite tem- 
pered at 1300 degrees Fahr. (705 degrees Cent.) were of the ortho- 
rhombic variety. Although they increased gradually in molybdenum 
content with time at the tempering temperature, within 250 hours 
they did not reach molybdenum contents approaching the values ob- 
tained in a much shorter time by direct transformation. In order 


Table I 
Alloys Isothermally Transformed at 1200 Degrees Fahr. 
Per Cent 
Transformation Per Cent Mo in 


--Per Cent— Time, oin Type of Carbide 
M > Seconds Ferrite Carbide (Calculated) 


250 , Orthorhombic 

600 . Face-centered cubic 
1500 ; Face-centered cubic 
2500 Face-centered cubic 


to determine the extent of molybdenum concentration which would 
take place in similar periods of time at 1200 degrees Fahr. (650 
degrees Cent.), small samples of each homogenized alloy were 
quenched from a lead bath at 1600 degrees Fahr. (870 degrees 
Cent.) into water. After removal of scale the samples were placed 
in a vacuum furnace and held for 150 hours at 1200 degrees Fahr. 
(650 degrees Cent.). It was found, by metallographic examination 
after this treatment, that all samples had completely graphitized. No 
graphitization had been encountered at 1300 degrees Fahr. (705 de- 
grees Cent.) even after 250 hours. New samples were similarly 
tempered for 100 hours at 1200 degrees Fahr. (650 degrees Cent.) 
and partial graphitization was found in the three lowest molybdenum 
alloys, the amount of graphitization decreasing with increasing mo- 
lybdenum. The 1.02 per cent molybdenum alloy was graphite-free, 
and metallographic examination revealed spheroidized carbides al- 
though they were much finer than those found after the 150-hour 
treatment at 1300 degrees Fahr. (705 degrees Cent.). The undecom- 
posed carbides in all tempered samples yielded the diffraction pattern 
of the orthorhombic structure. The distribution of molybdenum in 
the one alloy which did not graphitize is shown in Table II. 
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Alloys austenitized at 1600 degrees Fahr. (870 degrees Cent.) 
and completely transformed isothermally at 1100 degrees Fahr. (595 
degrees Cent.) were also investigated. The transformation times for 
the two alloys of highest molybdenum content were not only much 
greater, than at 1200 and 1300 degrees Fahr. (650 and 705 degrees 
Cent.), but also the microstructures were different. At the higher 


Table II 
Alloy Quenched and Drawn at 1200 Degrees Fahr. for 100 Hours 


-———Per Cent———_, 


Alloy r-—Per Cent—, Type of Moin Mo in 
No. > Mo Carbide Ferrite Carbide 


38 0.80 1.02 Orthorhombic 0.87 2.09 





transformation temperatures the expected lamellar pearlite was 
formed with increasing fineness as the temperature of formation was 
lowered. However, at 1100 degrees Fahr. (595 degrees Cent.) an 
acicular structure was formed in which the carbides were much more 
massive than those in the coarsest pearlite. 

Because of the size of these ‘carbides it was possible to make 
an electrolytic separation and obtain a chemical analysis, although 
even here there was considerable decomposition of the carbides in 
the separation process and no material balance could be obtained. 
Diffraction patterns of the separated carbides indicated a high pre- 
dominance of the face-centered cubic material in both cases, but the 
predominance was much greater in the higher molybdenum alloy. 
The carbon contents of the carbides supported this evidence. How- 
ever, the carbide patterns obtained from a sample of the alloy itself 
indicated a much greater amount of the orthorhombic material than 
existed in the residue. Apparently the orthorhombic carbide formed 
at 1100 degrees Fahr. (595 degrees Cent.) along with the face-cen- 
tered material possesses greater reactivity toward the electrolyte than 
does the more complex carbide or the orthorhombic material formed 
at higher temperatures. In the lower molybdenum alloys the carbide 
structures as obtained from isothermally transformed samples were 
entirely orthorhombic. These carbides were present as fine pearlite, 
and no successful separation could be made. The results of both 
the chemical and X-ray analysis of the alloys isothermally trans- 
formed at 1100 degrees Fahr. are listed in Table ITI. 

It will be noted in Table III that the times for complete trans- 
formation of the 0.74 and 1.02 per cent molybdenum alloys are much 
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Table Ill 
Alloys Isothermally Transformed at 1100 Degrees Fahr. 
Transformation Carbide Structures Per Cent Molybdenum in 
Alloy -~Per Cent— Time, From Alloy From Residue Ferrite Carbide Carbide 
No. Mo Cc Seconds (Percentages Estimated) X-ray Cale. Chem. 
54 0.30 0.78 90 Ortho. 0.23 0.86 
71 0.51 0.74 800 Ortho. 0.31 2.08 
72 0.74 0.74 28,860 40% Ortho. 25% Ortho. 
60% F.C.C. 75% F.C.C. 0.39 3.12 3.51 
38 1.02 0.80 38,000 25% Ortho. 5% Ortho. 
75% F.C.C. 95% F.C.C. 0.40 4.40 5.65 


Ortho. = orthorhombic, F.C:C. — Face-centered cubic. 





longer than at 1200 degrees Fahr. (650 degrees Cent.) or 1300 de- 
grees Fahr. (705 degrees Cent.). This fact plus the radically differ- 
ent microstructures produced by transformation at 1100 degrees 
Fahr. (595 degrees Cent.) suggest that the relative importance of the 
factors determining the transformation process is altered in this 
temperature range. This suggestion will be discussed further. 

Attempts to obtain partition data on alloys quenched and tem- 
pered at 1100 degrees Fahr. (595 degrees Cent.) were unsuccessful. 
Graphitization was found to have occurred in all alloys after 100 
hours. Here again the extent of graphitization increased with de- 
creasing molybdenum. Tempering for less time resulted in a ferrite 
diffraction pattern that was much too diffuse to be of any benefit in 
obtaining an accurate lattice parameter value. It was found that 
after 24 and 50 hours at 1100 degrees Fahr. (595 degrees Cent.) 
the carbides formed from martensite were entirely orthorhombic in 
all cases. 

Isothermal transformation at 1000 degrees Fahr. (540 degrees 
Cent.) did not yield structures on which measurements of the ferrite 
lattice constant could be made. In this case even the carbide patterns 
were not sufficiently complete to permit positive identification. It 
appears, however, that the orthorhombic material is formed in alloys 
isothermally transformed at 1000 degrees Fahr. (540 degrees Cent.). 

Data have been presented showing the partition of molybdenum 
resulting from the isothermal transformation of eutectoid austenite 
containing this element at 1300, 1200, and 1100 degrees Fahr. (705, 
650, and 595 degrees Cent.). No definite rule can yet be seen which 
provides a basis for the quantitative prediction of this partition. A 
few conclusions can be drawn, however. After isothermal transfor- 
mation of austenite at the temperatures investigated, molybdenum is 
present in the carbide in large amounts. The magnitude of the seg- 
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regation decreases with decreasing transformation temperature. A 
face-centered cubic carbide which contains at least 3 per cent molyb- 
denum is found. This carbide is formed by the direct transforma- 
tion of austenite at 1200 and 1300 degrees Fahr. (650 and 705 de- 
grees Cent.) when the austenite contains more than 0.50 per cent 
molybdenum. 

It is hoped that the results of similar investigations of hypo- 
and hypereutectoid alloys will yield results which will aid in estab- 
lishing the laws which must govern this partition phenomenon. 


DISCUSSION OF RESULTS IN RELATION TO HARDENABILITY 


During the transformation of molybdenum-bearing austenite to 
pearlite the composition and, in some cases, the structure of the car- 
bides formed is greatly altered by the presence of the alloying ele- 
ment in the austenite. It is apparent that the presence of molybdenum 
in these carbides is essential to their formation. There is now evi- 
dence to show that during the transformation of the alloyed austenite 
to pearlite diffusion of the alloying element takes place and the ulti- 
mate rate at which this transformation proceeds is dependent, directly 
or indirectly, upon the rate of diffusion of molybdenum. 

Austenite transforms by a process of nucleation and growth at 
all subcritical temperatures above that at which martensite is formed. 
Mehl (9) has shown that both the rate of nucleation and the rate of 
growth must, be combined in the final rate of the transformation it- 
self. Ham (3) has proposed an explanation for the manner in which 
molybdenum diffusion ultimately determines the rate of growth of 
the carbide nucleus. Consideration will be given here to the manner 
in which the partition of molybdenum can affect the rate of nuclea- 
tion and consequently the extent to which this rate determines hard- 
enability. 

According to the nucleation theories outlined by Mehl and 
Jetter (10), a homogeneous solid solution such as austenite must be 
considered as being in a constant state of flux with regard to the 
composition of submicroscopic volumes. It is only when this continu- 
ous atomic migration establishes, by chance, a region of the proper 
composition and size that the nucleus of a new phase can be formed. 
The continued existence of this nucleus and its ability to grow is de- 
pendent upon its having a smaller free energy than the parent phase. 
This free energy is, in part, a function of nuclear size and it in- 
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creases with decreasing size, as is pointed out by Sirota (11). Becker 
(12) has proposed that the number of nuclei formed per second can 
be expressed in the following manner: 


N = K e-@87 .. e-AcD/RT 


The e"* term is recognized as the activation energy factor in the 
equation for diffusion in solids. The remaining exponential term 
represents the work necessary to establish the interface between the 
new and the old phase. This work must be supplied by the free 
energy difference between the nucleus and the parent phase. For 
the formation of a stable nucleus, then, a minimum difference in the 
free energies of the two phases is determined by the work necessary 
to establish this interface. Since the free energy is dependent upon 
the size of the nucleus there is a critical size below which, at any 
given temperature, no nucleus is able to exist permanently. 

It can be shown that the free energy of the unstable phase in- 
creases more rapidly with decreasing temperature than does that of 
the precipitating phase. Thus the A F change in the transformation 
of austenite will be greater at, say, 1100 degrees Fahr. (595 degrees 
Cent.) than at 1300 degrees Fahr. (705 degrees Cent.).. The mini- 
mum size of a stable nucleus will consequently be smaller and the 
rate of nucleation will be increased as the temperature decreases. 

As the transformation temperature is lowered farther and far- 
ther below the critical, the fluctuations in composition of the austen- 
ite must simultaneously become less, because of decreased atomic 
mobility. Consequently, even though the free energy relationships 
between the austenite and carbide phases are such as to allow a 
smaller nucleus to be stable and to grow, the probability of its for- 
mation will decrease. There must, therefore, be some temperature 
at which the size of the nucleus that can form (from a standpoint of 
strict probability) is smaller than that given stability by the differ- 
ence in free energies. If such a condition exists, the transformation 
must halt or be carried out by a different process. Some such con- 
dition is suggested by. the maximum rate of austenite transformation 
to a soft product which, as is indicated by the Bain S-curves, occurs 
at from 1100 to 900 degrees Fahr. (545 to 480 degrees Cent.) in 
plain carbon and low alloy steels. It is in this region, known as the 
Ar’, that the nucleating phase apparently changes from carbide to 
ferrite as the transformation temperature is lowered. 

The probability of the formation of a stable nucleus decreases 
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with temperature because of decreased atomic mobility. It is at the 
same time increased, owing to the smaller nuclear size made stable by 
the relative changes in free energies of the stable and unstable phases. 
Thus conditions are established for a maximum in the ultimate rate. 
From an inspection of the S-curves of plain carbon and low molyb- 
denum steels, it can be seen that this maximum nucleation rate of 
carbide closely coincides with that of ferrite. However, in higher 
molybdenum steels another maximum in the rate of austenite trans- 
formation is found above the Ar’ and is separated from it by a region 
of decreased rate. Apparently molybdenum raises the temperature 
of the maximum rate of nucleation by carbide until it no longer 
coincides with that by ferrite and a temperature range exists in which 
austenite transformation is nucleated at a rate much slower than the 
maximum of either nucleating phase. 

In the pure iron-carbon-molybdenum alloys studied, such a re- 
gion of decreased reaction rate was found at 1100 degrees Fahr. 
(595 degrees Cent.). The microstructures resulting from transfor- 
mation at this temperature revealed massive carbides, which suggests 
that the growth rate may have become the controlling rate. The 
fineness of the carbides formed during transformation above and 
below this region indicates that the rate of austenite decomposition 
may be governed at these temperatures by the rate of nucleation. 

Once formed, a stable nucleus can grow because of the free 
energy decrease which results from its increasing size. In the case 
of eutectoidal decomposition the unstable phase maintains a constant 
concentration throughout the transformation process and conse- 
quently its free energy remains constant. It has been shown by Hull, 
Colton and Mehl (13) that, in plain carbon steels, while the rate of 
growth increases slightly with a decrease in transformation tempera- 
ture, the increase in nucleation rate is tremendous. For instance, in 
a “pure” iron-carbon alloy containing 0.92 per cent carbon the nu- 
cleation rate at 1015 degrees Fahr. (545 degrees Cent.) is some 10° 
times as great as at 1320 degrees Fahr. (715 degrees Cent.). It 
would appear then that in spite of the decrease in the diffusion rate 
of carbon with temperature, the increase in transformation rate can 
be accounted for on the basis of increased nucleation, which in turn, 
as has been pointed out, is a function of the difference in free ener- 
gies of the carbide nucleus and the parent austenite. 

When, as has been suggested, the maximum nuclear size deter- 
mined by the probability of its formation becomes less than the stable 
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size determined by energy relationships, the decomposition of austen- 
ite is initiated by ferrite nuclei. Here again similar conditions of 
free energies must determine the nucleation process. In this case, 
however, the “fluctuations” in concentration must be such as to allow 
a sufficiently large area to form free of carbon to provide a nucleus 
of the stable size. Growth of this nucleus is dependent then upon 
the rate at which carbon diffuses away from the advancing austenite- 
ferrite interface. That the conditions governing a eutectoidal re- 
action in this range of transformation temperatures are no longer in 
effect is evidenced by the almost complete absence of proeutectoid 
constituents in hypo- and hypereutectoid alloys allowed to transform 
to bainite. 

The effectiveness of molybdenum in retarding the pearlite trans- 
formation has already been pointed out. It remains to fit it into the 
theories just outlined. The retarding effect of molybdenum on the 
austenite transformation reaction is brought about by the necessity 
for segregation of the element in the cabides during transformation. 

It must be assumed that the presence of molybdenum in austen- 
ite in amounts greater than 0.50 per cent so alters the energy rela- 
tionships of the phases involved that at certain temperatures the or- 
thorhombic carbide of the Fe,C type cannot form directly from aus- 
tenite. The face-centered cubic (Fe, Mo),,C, found in isothermally 
transformed iron-carbon-molybdenum alloys, containing 0.50 per cent 
molybdenum or more, has a unit cell volume of approximately 1200 
cubic angstroms as compared with about 225 for cementite. The 
unit cell of the cubic carbide contains 116 atoms in contrast to the 16 
in the cementite cell. In addition, Westgren (14) has reported that 
the molybdenum atoms appear to occupy specific lattice points in the 
face-centered cubic carbide. It can be seen that the probability of the 
formation of an (Fe, Mo),,C, nucleus is less than that of the forma- 
tion of Fe,C. The present work has been conducted on pure iron- 
carbon-molybdenum alloys, and direct comparison with alloys of 
commercial steel analysis may be unwarranted ; yet an indication that 
the presence of molybdenum greatly decreases the rate of nucleation 
is to be found in some unpublished work carried out in the laboratory 
of Climax Molybdenum Company. During the isothermal transfor- 
mation of an austenitized 0.80 per cent carbon, 0.75 per cent molyb- 
denum alloy at 1250 degrees Fahr. (675 degrees Cent.) the rate of 
nucleation was 267 nuclei per square centimeter per second, while 
the rate of nucleation of a plain carbon steel at the same temperature 
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was 24,900 nuclei per square centimeter per second. The delay in 
the rate of transformation caused by molybdenum cannot be ac- 
counted for entirely on the basis of rates of nucleation, however. It 
has been shown by the S-curves of molybdenum steels (2) that 
molybdenum also decreases appreciably the rate of growth of the 
nuclei as compared with the rate in plain carbon steels. 

It is not intended that this proposed explanation of the effect of 
molybdenum upon the rate of transformation of austenite apply to all 
the elements known to alter the rate of transformation. A common 
explanation for the effect of an element such as silicon and for 
molybdenum would, in fact, be surprising. There are several ways 
_in which an alloying element can act to alter the rate of transforma- 
tion of austenite. 


SUMMARY AND CONCLUSIONS 


During the transformation of austenite to pearlite, the molyb- 
denum in iron-carbon-molybdenum alloys of approximately eutectoid 
carbon content segregates in the carbide phase. The magnitude of 
this segregation decreases with decreasing temperature. The parti- 
tion, however, never reaches equality, even at temperatures as low as 
1100 degrees Fahr. (595 degrees Cent.). 

The face-centered cubic (Fe, Mo),,C, reported earlier in con- 
nection with the transformation of austenite at 1300 degrees Fahr. 
(705 degrees Cent.) has been found in the same alloy composition 
range, namely, from 0.50 per cent to 1 per cent molybdenum, after 
transformation at 1200 degrees Fahr. (650 degrees Cent.). It dis- 
appears entirely in the 0.50 per cent molybdenum alloy transformed 
at 1100 degrees Fahr. (595 degrees Cent.) but is found in combina- 
tion with the orthorhombic cementite in the higher molybdenum 
alloys transformed at this temperature. The cementite type carbide 
probably forms exclusively in all alloys investigated at 1000 degrees 
Fahr. (540 degrees Cent. ). 

The segregation of molybdenum during transformation of aus- 
tenite indicates the necessity for diffusion of this alloying element 
during the transformation process. Since the diffusion of molyb- 
denum through austenite is much slower than that of carbon, it is 
obvious that it is this slower rate which will govern the growth rate 
of the carbide nucleus. In addition, the energy relationships which 
require the presence of molybdenum in the carbide nucleus and in 
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some cases which actually complicate the structure of this nucleus, 
must obviously reduce the probability of its formation. 

Thus, an explanation is afforded for the decrease in both the 
rate of nucleation and rate of growth of carbide nuclei. These rates 
necessarily determine the hardenability of steel, and the effectiveness 
of molybdenum in promoting this property is explained. 
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DISCUSSION 


Written Discussion: By G. V. Smith, Research Laboratory, United States 
Steel Corp., Kearny, N. J. 

The writer was particularly interested in the finding that though isothermal 
transformation at 1300 degrees Fahr. (705 degrees Cent.) resulted in the face- 
centered cubic carbide (Fe, Mo)a#Cs, except for the 0.30 per cent molybdenum 
alloy, samples quenched and tempered at 1300 degrees Fahr. (705 degrees Cent.) 
showed carbides of the orthorhombic or Fe,C variety, while at 1200 degrees 
Fahr. (650 degrees Cent.) the same results were obtained on isothermal trans- 
formation, but on quenching and tempering graphitization resulted. Does the 
author have any thoughts on the question of whether the occurrence of graph- 
itization as described is related to the composition and structure of the carbide 
or to purely a nucleation effect? In this connection it might be interesting to 
determine whether a sample which had been quenched and tempered at 1300 
degrees Fahr. (705 degrees Cent.) would graphitize if subsequently held at 
1200 degrees Fahr. (650 degrees Cent.). With respect to the types of carbides 
observed, it would also be interesting to know the niaximum amount of 
molybdenum that can be taken into the orthorhombic lattice and the minimum 
amount of molybdenum in the face-centered cubic lattice. 

It is stated that with increasing time at tempering temperature after 
quenching the amount of molybdenum in the carbide gradually increased, al- 
though at 250 hours it had not approached that obtained by direct transformation. 
Has the author, by any chance, obtained data for longer tempering times and 
would it be expected that the end product would be a face-centered cubic 
carbide of molybdenum content equal to that of the isothermal transformation 
product ? 

The writer was also interested in the author’s remarks about an acicular 
structure which was observed on isothermal transformation at 1100 degrees 
Fahr. (595 degrees Cent.) and in which “the carbides were much more massive 
than those in the coarsest pearlite”. We have observed a similar structure to 
form during the furnace-cooling, but not air-cooling, of certain 0.15 to 0.5 per 
cent molybdenum steels. Presumably during slow cooling, an opportunity is 
afforded for carbon segregation to occur to an extent sufficient to produce an 
austenite similar to that described by the author. It would be of interest if the 
author would present a photomicrograph of this structure. 

In relation to the occurrence of both orthorhombic and face-centered cubic 
carbide on isothermal transformation, did the author discover any metallographic 
differences as to size or etching characteristics that would permit differentiation 
of the two carbide types? 
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The author’s remarks on the relation of the partition data to hardenability 
were of great interest. The explanation of the effect of molybdenum in de- 
creasing the rate of nucleation and growth which results in decreased overall 
reaction rate appears logical. The writer wishes, however, to point out that in 
connection with the occurrence of a temperature of maximum rate of trans- 
formation, above which carbide is probably the nucleating agent, it is not 
certain that it is ferrite, of the same sort that occurs at higher temperature, 
that nucleates the transformation at temperatures below the maximum, at least 
in plain carbon steels. Rather, there is good evidence to indicate that in the 
formation of these lower temperature products (bainite), a supersaturated sort 
of ferrite, much like martensite, appears first, and that carbide subsequently 
precipitates from this structure as suggested by Davenport and Bain.* (See 
also footnote 4 for discussion of this point.) If this be true, the picture is not 
quite as the author has indicated, and evidently the maximum is brought about 
simply because the reaction to pearlite, which proceeds at a faster rate with 
lowered temperature, dies out, owing probably to an inability of forming a 
carbide nucleus necessary to initiate the reaction, and is replaced by another 
reaction which proceeds with decreased rate with lowered temperature. 

The situation for alloy steels which show a “shelf” must be different as the 
author points out and explains by the statement that in plain carbon and low 
molybdenum steels the maximum rate of nucleation of carbide closely coincides 
with that of ferrite. It is difficult to understand the basis for this explanation 
unless is is assumed that the author has taken the coincidence of the ferrite and 
pearlite “beginning” lines of the isothermal transformation diagram at the 
region of maximum rate to mean this. But is this not reaction rate rather 
than nucleation rate? The author further postulates that in alloy steels which 
show a shelf in the isothermal transformation diagram, as in higher molybdenum 
steels, the maximum nucleation rate of carbide has been raised above that 
of ferrite thus resulting in a temperature range in which “austenite trans- 
formation is nucleated at a rate much slower than the maximum of either 
nucleating phase”. Is not the author again fallaciously reasoning that the 
isothermal diagram is a plot of nucleation rate rather than reaction rate? In 
this connection must not the data of Hull, Colton and Mehl (author’s ref. 13) 
represent rate of nucleation of pearlite and not simply of carbide since to form 
pearlite, carbide and ferrite must nucleate alternately? Further, if the author’s 
explanation were correct it would be necessary to explain a maximum in 
carbide nucleation rate, for with still lowered temperature, the “beginning” 
curve of the pearlite reaction again moves to shorter times and coincides with 
the “beginning” curve of ferrite transformation at the lower temperature of 
maximum reaction rate. It appears to the writer that the explanation of the 
isothermal transformation curve of the type under discussion must be some- 
what different than the author has indicated and probably is to be found in 
changes in the nature of the transformation products, structure and composition, 


8E. S. Davenport and E. C. Bain, Transactions, American Institute of Mining and 
Metallurgical Engineers, Vol. 90, 1930, p. 117. See also subsequent papers from U. S 
Steel Research Laboratory. 


4G. V. Smith and R. F. Mehl, Transactions, American Institute of Mining and 
Metallurgical Engineers, Vol. 150, 1942, p. 211, 
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with changing temperature, and the attendant effects of these upon nucleation. 

The author’s data indicate that with lowered temperature there is less 
segregation of molybdenum. Would the author care to hazard a guess as to 
whether there would be any segregation at the temperature of maximum rate, 
which the writer presumes to be below the lowest temperature for which the 
author has obtained partition data? If not, there would appear to be some 
difficulty in explaining the increased hardenability of molybdenum (and pre- 
sumably other) alloyed steels, since it is the rate of transformation at this 
temperature that primarily determines hardenability. 

This paper is an interesting and worthwhile addition to the series of inves- 
tigations being carried out in the author’s laboratory on the subject of distri- 
bution of molybdenum in steels. It is to be hoped that these investigations will 
be continued and extended to hypo and hypereutectoid molybdenum steels and 
to other alloy steel systems, for it seems certain that the method of attack 
used by the author and his collaborators is one which will lead eventually to 
a more comprehensive understanding of the behavior of steels. 

Written Discussion: By C. M. Offenhauer, research metallurgist, Union 
Carbide and Carbon Research Laboratories, Niagara Falls, N. Y. 

This paper has been read with interest and we agree with the author that 
this type of investigation seems likely to result in a better understanding of 
the role of third elements in steels!) One observation however, appears to require 
clarification. By comparing Tables I and II it may be seen that the same 
alloy, No. 38, showed the face-centered cubic structure of MoaC. when isother- 
mally transformed at 1200 degrees Fahr. (650 degrees Cent.), and the ortho- 
rhombic structure of cementite when quenched and tempered at the same 
temperature. The alloys 71 and 72 also showed a difference in the carbide 
structure but this change was accompanied by some graphitization of the 
tempered specimens. In some investigations at the Union Carbide and Carbon 
Research Labotatories, we have found results similar to those reported by Mr. 
Bowman. Obviously, one of these carbides must be more stable than the other, 
even though both may eventually revert to graphite. We have postulated that 
in quenching to 1200 degrees Fahr. (650 degrees Cent.) the austenite might 
have undergone some change or decomposition before reaching 1200 degrees 
Fahr., and that the quenching and tempering process might permit the attain- 
ment of a more uniform structure at the temperature being investigated. In 
this case the orthorhombic structure would be considered the more stable phase 
at 1200 degrees Fahr. The range of stability of the face-centered structure 
appears to be at a higher temperature, and this is also indicated by the previous 
work of Bowman and Parke (5). In view of the persistent character of the 
alloy carbides, the method of determining the more stable phase is quite critical. 


Oral Discussion 


M. F. Hawxes:*® Anyone who has perused the literature to get informa- 
tion on why alloying elements in solution in austenite increase hardenability 


5Instructor, Carnegie Institute of Technology, Pittsburgh. 
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will be very pleased to read this paper and Mr. Ham’s, for the rest of the 
literature is certainly barren. 

A question I have in mind applies to both papers, and perhaps both Mr. 
Bowman and Mr. Ham would like to discuss it. It is hard for me to see why 
it is necessary for alloying elements to be partitioned to a definite degree 
between ferrite and carbide. Is it not possible that alloying elements affect 
the rate of transformation of austenite in some other manner and that the 
amount of partition occurring is merely the amount determined by the time 
available and the rate of diffusion of the alloying element? This is in agree- 
ment with the observation that the degree of partitioning decreases as the 
reaction temperature decreases. 


Author’s Reply 


I wish to express my appreciation to Mr. Smith, Mr. Offenhauer, and 
Mr. Hawkes for their comments. 

In reply to Mr. Smith’s remarks on graphitization, it seems to me that 
the stability of the carbides is related more closely to their composition and 
structure than to a nucleation effect. Smith, Miller, and Tarr® have shown, by 
converting graphite to carbide at 1300 degrees Fahr. (705 degrees Cent.) in a 
low-carbon molybdenum steel, that at this temperature the carbide is the stable 
phase. No identification of the structure of this reconverted carbide was 
attempted; however, steels of similar analysis yielded the face-centered cubic 
carbide after isothermal transformation at 1300 degrees Fahr. (705 degrees 
Cent.), and it would be surprising if the carbides found by Smith were not 
of the same type. 

No data have been obtained for tempering times greater than 250 hours 
at any temperature; consequently, no definite statement can be made about the 
end product of the tempering treatment. Nevertheless, since it is felt that the 
results of isothermal transformation approximate equilibrium conditions, the 
results of tempering martensite should eventually correspond to those obtained 
by direct transformation. It is possible, of course, that graphite may be formed 
as an intermediate phase. 

No additional data are available on the maximum molybdenum content of 
the orthorhombic carbide or the minimum molybdenum content of the face- 
centered cubic carbide. Data already reported indicate that about 3.5 per cent, 
by weight, molybdenum is necessary in the carbide to cause an alteration in 
structure. This has been substantiated by Dr. F. R. Morral in a private com- 
munication wherein he pointed out that the minimum molybdenum content of 
the face-centered cubic carbide may be represented by the formula (Fes. 
Moxy)Ce. I have found no evidence that the orthorhombic carbide exists with 
a molybdenum content greater than this. 

It is quite possible, as Mr. Smith points out, that the ferrite formed during 
the transformation to bainite is not originally the usual low-carbon alpha iron 
but a supersaturated solution, but it does not seem to me that this in any way 
invalidates the explanation proposed for the effect of molybdenum on harden- 
ability. Judging from the isothermal diagrams, the effect of molybdenum, as 


6G. V. Smith, R. F. Miller and C. O. Tarr, Metals Technology, June 1944, Technical 
Publication No. 1695. 
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well as of most other alloying elements, is restricted to the region where the 
reaction is nucleated by carbide. It is immaterial, as far as the proposed 
explanation is concerned, just how the bainite reaction is initiated. The im- 
portant fact is that the nature of the transformation is altered. 

I am fully aware that the “beginning” lines of isothermal transformation 
diagrams are not plots of rates of nucleation; however, they serve as a rough 
approximation of the time required to form nuclei. It is true that the data of 
Hull, Colton and Mehl’ represent the rate of nucleation of pearlite and were 
obtained from the number of pearlite colonies of observable size formed in a 
given time; but, since each colony—according to present theories—is nucleated 
by a carbide, is not this rate an indication of the carbide nucleation rate? 

Mr. Smith’s objection to the explanation of the “shelf” in the isothermal 
transformation curves of the higher molybdenum alloys is based upon the 
necessity for explaining a second maximum in the rate of carbide nucleation. 
I do not believe that this second’ maximum exists. Metallographic evidence 
already published (2) reveals that the products of transformation at temper- 
atures below the second minimum in the transformation are of the bainite type. 
There are no data available which obviate the idea that both the pearlite and 
the bainite reaction curves are essentially “C” curves or that their location 
with respect to temperature determines the general shape of the over-all “S” 
curves. . 

Although it has been impossible to obtain partition data from alloys trans- 
formed at the maximum rate, it would be surprising if some segregation of 
molybdenum in the carbide had not occurred. 

Insufficient data are available to answer Mr. Offenhauer’s remarks con- 
cerning the relative stability of the two carbides. The results thus far obtained, 
however, indicate that the conditions existing after isothermal transformation 
more closely represent the equilibrium conditions at the transformation tem- 
perature than do those obtained by tempering martensite at this temperature 
for the length of time reported in the paper. The results of the latter treat- 
ment indicate a gradual increase in the molybdenum content of the carbide 
with time, yet in the time intervals investigated this molybdenum content did 
not reach that obtained by direct transformation. It would be strange if the 
ultimate equilibrium conditions were different when approached from different 
directions. 

Mr. Hawkes’ point about the possibility that partition is more a result than 
a cause is well taken. It is impossible to make quantitative statements regard- 
ing the determining effect of available time and diffusion rates upon partition 
without an accurate knowledge of the diffusion distances involved. After 
having been only a few seconds at the transformation temperature, the partially 
transformed alloys contain the high-molybdenum, face-centered carbide, yet 
after tempering martensite for two hundred and fifty hours the same alloy still 
contained the orthorhombic carbide. In view of these facts it seems that the 
partition of molybdenum is actually a part of the transformation process and 
exerts an effect upon it. 





™F. C. Hull, R. A. Colton, and R. F. Mehl, Metals Technology, August 1942, Tech- 
nical Publication No. 1460 





NEW DEVELOPMENTS IN HIGH STRENGTH ALUMINUM 
ALLOY PRODUCTS 


By E. H. Drx, Jr. 


Abstract 


Until recently, aircraft structural aluminum alloy 
products, exclusive of castings and forgings, have been 
used in the “naturally aged” temper. Higher strengths 
can be obtained only by “artificial aging,” 1.e., elevated 
temperature precipitation treatment subsequent to solution 
heat treatment, but this treatment results in a high ratio 
of yield to ultimate strength, a lower elongation and some- 
times a lower resistance to corrosion. These latter factors 
have retarded the general acceptance of products so 
treated. However, changes in design trends and in engi- 
neering viewpoint have resulted in overcoming previous 
objections and placing special emphasis on high compres- 
sive yield strength. 

The highest compressive yield strengths are now ob- 
tainable in products of three artificially aged aluminum 
alloys—24S-T8, 14S-T and 75S-T. The mechanical prop- 
erties of artificially aged 24S depend upon the amount of 
cold working after the solution heat treatment and before 
the elevated temperature precipitation treatment. The 
highest available yield strength in an aluminum alloy sheet 
product is obtained in 24S-T86 by cold working appro-xt- 
mately 5 per cent after solution heat treatment and then 
artificially aging. The alloy 14S-T has the shop advantage 
of a relatively stable and workable room temperature aged 
temper, permitting parts to be formed and subscquently 
artificially aged without distortion. Extrusions of the 
aluminum-zinc-magneswum type alloy, 75S-T, have the 
highest yield and tensile strengths, and sheet the highest 
tensile strength combined with high yield strength and 
good elongation. 








HE designer of aircraft structures today seems to be primarily 
interested in the compressive yield strength of the new high 
strength aluminum alloy products. This is somewhat in contrast to 





A paper presented before the Twenty-sixth Annual Convention of the So- 
ciety held in Cleveland, October 16 to 20, 1944. The author, E. H. Dix, Jr., 
is assistant director of research and chief metallurgist, Aluminum Research 
Laboratories, Aluminum Company of America, New Kensington, Pa. Manu- 
script received June 21, 1944. 


130 














1945 HIGH STRENGTH ALUMINUM ALLOYS 131 


the attitude a few years ago. The increase in size and weight of air- 
craft, the trend toward thinner air foils requiring the use of thicker 
sections, more exact design data and war demands are probably 
largely responsible for this change. Furthermore, there has been a 
gradual evolution in engineering viewpoint regarding the mechanical 
characteristics which are required in a structural material suitable for 
aircraft. Formerly, more emphasis was placed on the necessity of a 
generous spread betwen yield and tensile strengths, on elongation, on 
impact strength, and on resistance to corrosion. Aircraft structural 
engineers still differ widely as to the importance which they attach 
to these properties. Even now, tensile yield strengths exceeding ap- 
proximately two-thirds of the tensile strength cannot be taken advan- 
tage of in the design of tension members. 

The new high strength aluminum alloy products all achieve their 
maximum strength by artificial aging. Artificial aging increases the 
yield strength to a much greater degree than it does the tensile 
strength. Thus the ratio of yield-to-tensile exceeds the two-thirds 
value and therefore the high tensile yield strength generally cannot 
be utilized in members designed for tension loads. In the artificially 
aged products the compressive yield strength is approximately equal 
to the tensile yield strength and therefore these products are ad- 
mirably suited for compression members, especially for effective slen- 
derness ratios of less than about 40. 

Artificial aging is a term long used in the aluminum industry to 
describe a reheating treatment subsequent to the high temperature 
solution heat treatment. The name apparently originated because the 
reheating was thought to stimulate or artificially produce, in a short 
time, aging similar to that which occurs at room temperature over 
longer periods of time. More correctly, it should be described as an 
elevated temperature precipitation treatment since long time aging 
tests at room temperature do not support the original opinion. 

The response of certain aluminum alloys to artificial aging was 
described by Archer and Jeffries (1).*. These authors described the 
effect of added silicon in increasing the response of the duralumin 
type alloy (17S) to artificial aging. They thus laid the groundwork 
for the development of artificially aged duralumin-type alloys. 

These were two in number—14S and C17S. Later foreign 
publications sometimes refer to alloys of this type as super-duralu- 
min (2), (3), (4). The nominal compositions of these two alloys 


1The figures appearing in parentheses pertain to the references appended to this paper. 
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are quite similar. As will be seen from the following tabulation, 14S 
contains somewhat higher copper and manganese but lower silicon 
and magnesium than C17S. 








Per Cent 
Copper Magnesium Manganese Silicon 
14S 4.4 0.35 0.75 0.80 
C17S 4.0 0.50 0.50 1.25 


The nominal magnesium content of 14S was subsequently raised to 
0.40 per cent. 

Data (5) published as early as 1927 listed Special 17S (later des- 
ignated “C17S”) sheet with a tensile strength of 63,000 to 70,000 
pounds per square inch, a yield strength of 50,000 to 55,000 pounds 
per square inch, and an elongation of 8 to 14 per cent in the artifi- 
cially aged temper (T). An advantage of the alloy was that it could 
be formed in the W, or room temperature aged, temper and subse- 
quently artificially aged without appreciable distortion. The effect 
of the artificial aging in reducing the resistance to corrosion of this 
sheet material was also observed. 

This sheet product was not favorably received, probably because 
of the prevailing engineering viewpoint concerning the mechanical 
characteristics of structural materials. Thus, the high yield strength 
in relation to tensile strength, and the relatively low elongation were 
questioned. The lower resistance to corrosion of this product, in 
comparison to the currently used aluminum alloy sheet (17S-T) is 
undoubtedly another reason. The latter objection was overcome to 
some extent by the experimental production of Alclad C17S-T sheet. 
For instance, Alclad C17S-T sheet was used for girder members for 
a trapeze on the U.S.S. Los Angeles, a rigid dirigible airship, in 
1931 and showed no significant corrosion when examined eight years 
later. However, the production of C17S-T sheet was discontinued 
prior to 1935 because of lack of customer acceptance. 

The development of 14S for forgings paralleled somewhat that 
of the C17S sheet. It was first listed (6) in 1932 but had been used 
experimentally considerably prior to that date. The status of the alloy 
for forgings in 1932 was that it was recommended where highest 
strengths were required, provided the part was not too complicated. 

The acceptance of the 14S-T composition for forgings was in 
marked contrast to the experience with sheet. Today it is still the 
principal aluminum alloy for high strength aircraft forgings and 
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Fig. 1—Natural Aging of 17S at Room Temperature and Below. 
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Fig. 2—Natural Aging of 14S at Room Temperature and Below. 


many millions of pounds have given excellent service in peace and 
war. 
It will be of interest to compare the “natural” or room tempera- 
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ture aging and the artificial or elevated temperature aging of the two 
alloys 17S and 14S, remembering that the essential difference in com- 
position is the high silicon content of the latter alloy. The natural 
aging curves for 17S and 14S at room temperature are shown in 
Figs. 1 and 2. These graphs also show the retarding effect on aging 
of storage at several temperatures below room temperature. Re- 
tarded aging is of advantage for difficult forming operations carried 
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Fig. 3—Artificial Aging of 17S and 14S Sheet. 


out in the “as-quenched” temper. The curves show that there is 
little difference in the aging characteristics of these two alloys at 
room temperature or below. 

The response to an elevated temperature precipitation treatment 
or an artificial aging of these two alloys is shown in Fig. 3. Al- 
though there is some slight increase in yield strength in 17S, this 
increase is more than offset by the decrease in tensile strength and 
elongation. On the other hand, after an initial dip in tensile and 
yield strengths, the yield strength of 14S is increased 50 per cent 
by artificial aging. The tensile strength is increased perhaps 5000 
pounds per square inch and the elongation about cut in half. The 
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ratio of yield to tensile strength is increased from approximately 
0.6 to approximately 0.9. 

Fig. 4 shows a series of artificial aging curves illustrating the 
effect of time and temperature in the artificial aging treatment. 
These curves are fairly typical of artificial aging curves in general 
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but it is probable that no two lots of similar alloy composition will 
age along identical curves. It will be observed that as the tempera- 
ture of artificial aging is increased, the time for reaching the peak 
of tensile and yield strengths is reduced, the curves become more 
abrupt, and, in general, the maximum values of tensile and yield 
strengths are somewhat lower. In selecting the time and tempera- 
ture of artificial aging, a compromise must be reached between the 
desire, on the one hand, for keeping the furnace time to a minimum 
and, on the other, for selecting a relatively flat curve so that varia- 
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tions in the aging time resulting from differences in the rate of heat- 
ing in different parts of the load will have a relatively minor effect. 
Thus, for 14S, 10 hours at 340 degrees Fahr. (170 degrees Cent.) 
is probably the most satisfactory selection, with other treatments of 
18 hours at 320 degrees Fahr. (160 degrees Cent.) or 5 hours at 
360 degrees Fahr. (180 degrees Cent.) producing approximately 
equivalent results. 

Since 1932 (7), the alloy 24S and Alclad 24S have been uni- 
versally used for highly stressed structural parts of current aircraft. 
This alloy is the highest strength naturally aged aluminum alloy in 
commercial use. It differs from 17S primarily in a magnesium content 
of 1.5 per cent instead of 0.5 per cent. During the development of 
24S it was found that artificial aging reduced the elongation to a value 
too low to be acceptable at that time. Hence, until recently, it was used 
in the room temperature aged temper only. For this alloy the room 
temperature aged temper is designated “T”. It is also furnished in 
a temper designated “RT”, produced by cold working approximately 
5 to 6 per cent subsequent to the solution heat treatment and room 
temperature aging. The tensile yield strength of this product is 
greater than the compressive yield strength. In 1939 the Alu- 
minum Company co-operated with an American builder of dirigibles 
to determine if, as suggested in an article by Brenner and Kostron 
(8), an elevated temperature aging treatment of 24S-RT sheet 
would raise the compressive yield strength. A treatment of 8 hours 
at 350 degrees Fahr. (175 degrees Cent.) was found to increase the 
compressive as well as the tensile yield strength and to make them 
approximately equal but only at the sacrifice of resistance to corrosion 
and elongation. However, in the case of alclad sheet, it was con- 
cluded that the resistance to corrosion would be adequate. The de- 
cision, however, was not to employ this artificially aged material for 
dirigible structures. Probably the low elongation was the deciding 
factor. 

Others experimented with the artificial aging of 24S products but 
it was not until within the past couple of years when several of the 
aircraft manufacturers (9), (10) on the west coast became interested 
in the possibility of artificially aging these products, and indicated 
a willingness to accept the lowered elongation. It was then found 
that not only could the properties of the cold-worked tempers of 
this alloy be improved by artificial aging but also that the small 
amount of cold deformation introduced by mill flattening had a pro- 
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Fig. 5—Artificial Aging Curves for 24S-T Flat Sheet. 


nounced effect and that, even without any cold work, some improve- 
ment could be achieved. The response of 24S-T flat sheet to artifi- 
cial aging treatments is shown in Fig. 5. It will be observed that 
10 to 12 hours at 375 degrees Fahr. (190 degrees Cent.) gives maxi- 
mum tensile and yield strengths for 24S-T flat sheet, The marked 
reduction in elongation from an average of about 21 to 6 or 7 per 
cent is notable as is also the increase in ratio of yield strength to 
tensile strength from about 0.65 to over 0.90. 

Detailed studies of the effect of artificial aging on resistance to 
corrosion yielded the important information that although short re- 
heating times had a marked detrimental effect on resistance to corro- 
sion, if the time is prolonged until maximum yield and tensile 
strengths are obtained, the resistance to corrosion may be restored to 
that of the original T temper. Fig. 6 shows the per cent loss in ten- 
sile strength caused by a standard accelerated corrosion test of sheet 
specimens ;’¢ inch thick which had been artificially aged for different 
periods of time at several different temperatures. Thus, at a tem- 
perature of 375 degrees Fahr. (190 degrees Cent.), heating for 1 
hour produces a material which lost 50 per cent in tensile strength 
as compared to 17 per cent in the original temper. However, heating 
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for a total of 10 to 12 hours at which the peak in the tensile and yield 
strengths is obtained practically reduced the loss to that of the origi- 
nal T temper. | 
Measurements of the effect of artificial aging on the solution 
potential are shown in Fig. 7. At 375 degrees Fahr. (190 degrees 
Cent.) the solution potential in 10 to 12 hours has reached almost 
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Fig. 6—Effect of Artificial Aging on Resistance to Corrosion of 24S-T81 Under 
Stress of Three-Quarters of the Yield Strength. 
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Fig. 7—-Solution Potential of 24S-T Flat Sheet as Affected by Artificial Aging. 


its maximum value indicating the almost complete precipitation of 
copper from solid solution. There is good evidence now to substan- 
tiate the belief that the short heating period at 375 degrees Fahr. 
(190 degrees Cent.) produced precipitation which was primarily lo- 
calized at the grain boundaries, thereby causing marked susceptibility 
to intergranular corrosion. More extended heating, however, caused 
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general precipitation within the grains and thereby equalized the 
potential at the grain boundaries and within the grains, thus remov- 
ing the cause of selective corrosion. 

With alclad sheet, although the resistance to corrosion of the 
core may be substantially restored to that of the as-quenched mate- 
rial by the use of proper time and temperature, yet, as will be seen 
from Fig. 7, the solution potential of the core is raised to almost 
that of the pure aluminum alclad coating. In the absence of copper 
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Longitudinal Properties of 24S-T8 Extrusions 
Aged at 390 Degrees Fahr. 


diffusion from the core, the solution potential of the coating is 0.83 
volt. The presence of copper diffusion causes a lowering of this 
value. The alclad coating is still effective as a mechanical protec- 
tion and the resistance to corrosion of the product, except for very 
thin sheet, is adequate. 

With thin alclad sheet or with thicker sheet of reduced coating 
thickness, the diffusion of copper from the core into the coating may 
be sufficient that, after artificial aging, the coating itself may be sus- 
ceptible to intergranular corrosion and the resistance to corrosion of 
the product such that careful protection methods are necessary. 

The response of 24S-T extrusions to artificial aging is a some- 
what more complicated story. It is well known and recognized in 
Government specifications that the longitudinal tensile and yield 
strengths of 24S-T extrusions vary with the section thickness. The 
thicker the section, the higher the strengths. The points for zero 
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aging time in Fig. 8 illustrate the influence of section thickness on 
the longitudinal properties of the 24S-T extrusions. The effect of 
artificial aging at 390 degrees Fahr. (200 degrees Cent.) for differ- 
ent periods of time on these three section thicknesses, as shown in 
Fig. 8, is of considerable interest. The thinner section shown by 
the open circles behaves somewhat analogous to sheet in that the 
yield and tensile strengths are increased by the artificial aging, maxi- 
mum values being obtained after about 6 hours at this temperature. 
With the intermediate thickness, the yield strength is also increased 
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Fig. 9—Longitudinal and Transverse Proper- 

ties of 24S-T8 Extruded Section Aged at 390 

Degrees Fahr. 
somewhat although the peak is reached in about 4 to 5 hours. The 
tensile strength shows a slightly downward trend. With the heavier 
section, however, the decrease in tensile strength is quite noticeable 
and the gain in yield strength smaller with the peak at about 3 hours 
of heating. In Fig. 9 the curves for the longitudinal properties of 
the thickest extrusion are reproduced together with the transverse 
properties of this extrusion. First it should be observed that trans- 
verse properties as indicated for zero aging time are very much lower 
than the longitudinal properties. This is characteristic and well 
known. The artificial aging produces a marked increase in the trans- 
verse yield strength and some increase in the transverse tensile 
strength. The peak of the transverse tensile strength is obtained 
after about 3 hours of aging, whereas the maximum for the trans- 
verse yield strength is fairly constant in 4 to 6 hours and is prac- 
tically equal to the longitudinal yield strength. 
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From the typical results shown in Figs. 8 and 9, the artificial 
aging of large 24S-T extrusions is not generally beneficial and there 
is some question if it will be used except in special cases and pos- 
sibly with thin sections. 

The information on the effect of artificial aging of aluminum 
alloys on their fatigue characteristics is not great. In general, how- 
ever, it may be said that artificial aging has very little effect on 
the endurance limit. Very limited data suggest that the notch sensi- 
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tivity in fatigue may be increased somewhat. Until more data are 
available it will probably be wise to give more consideration to the 
fatigue strength of structures utilizing these high strength artificially 
aged alloys than has been necessary with room temperature aged 
products. 

The latest addition to the Alcoa family of alloys is 75S. This is 
now available as alclad sheet and extrusions. Its principal hardening 
elements are zinc and magnesium, with smaller additions of copper 
and several other elements. It represents the culmination of over 15 
years of laboratory and manufacturing research and development. 
It is the present ultimate in high strength aluminum alloy develop- 
ment. 


The combination of zinc and magnesium as a hardening element 
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in heat treated aluminum alloys was described by Sander and 
Meissner in 1926 (11). Exploitation of alloys of this type in Germany 
under the trade name of “Constructal’” was doomed to failure be- 
cause of their marked susceptibility to stress corrosion cracking. 
About 1937 the British Air Ministry issued Specification DTD 363 
covering broadly an alloy of this general type, known as “RR 77”. 
This alloy also encountered the stress corrosion cracking snag in 
extrusions which were cold-deformed after heat treatment and its 
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Fig. 11—Effect of Interval Between Quenching and Aging on Mechanical 
Properties of Alclad 75S-T Sheet. 


use has been rather limited. By 1932 (12), there had been developed 
in this country an experimental alloy which, in the artificially aged 
temper, had a yield strength in excess of 80,000 pounds per square 
inch but its other characteristics were not satisfactory for general 
structural applications. However, by 1939 research achieved sufficient 
progress towards the ultimate goal as to justify presenting the facts 
to the military authorities of the United States in order to enlist their 
interest. 

Co-operative experiments with the Government and several air- 
craft manufacturers indicated that further improvement in resistance 
to stress corrosion cracking was desirable. During the next three or 
four years such improvement was obtained and in the fall of 1943 
the first large production lot of 75S was produced. 

The alloy 75S also requires artificial aging to reach its maximum 
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strength. It probably will be used commercially only in the T tem- 
per. Immediately after quenching and for an hour or two thereafter 
at room temperature. its yield strength is not appreciably higher than 
that of the annealed material. In the T temper its formability is 
definitely lower than that of 24S-T. Therefore the optimum method 
of producing formed parts will be in the soft condition after quench- 





00 Psi, 
8 








- 14 Gauge xX Grain Sheet 
Heat Treated 20 Min at 870° 
Cold Water Quench 
Aged Immediately After Quench 









Strengths, 10 
S § 


SS FF owe «!- 


&§ 


es 8g 


Flongation, Ye 
S 


ro 


0 a 8 l2 16 20 24 28 52 36 
Aging Time, Hours 


Fig. 12—Artificial Aging Curves for 75S-T Sheet Aged Immediately After Quenching. 


ing. Fig. 10 compares the room temperature aging characteristics of 
as-quenched 24S and 75S and it will be observed that up to approxi- 
mately one day, the yield and tensile strengths of 75S are lower than 
those of 24S. By resorting to storage at refrigeration temperatures, 
the aging of 75S as well as 24S can be prevented for any desired 
period, thus avoiding the necessity of close scheduling between heat 
treatment and forming. 

The aging of 75S, like that of 14S, is not affected by cold work 
between the solution heat treatment and the artificial aging treat- 
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ment. However, the time interval between quenching and the be- 
ginning of artificial aging does influence the final properties obtained. 
This is shown in the curves of Fig. 11. The highest final properties 
are obtained when artificial aging is started, within 2 hours after 
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Fig. 13—-High Strength Aluminum Alloy Alclad Sheet (Minimum Specification Values). 


quenching, or after a room temperature aging period of a minimum 
of 2 days. 

The artificial aging characteristics of 75S at three different tem- 
peratures are shown in Fig. 12. It will be observed that the best 
combination of properties is obtained after aging for 24 hours at 
250 degrees Fahr. (120 degrees Cent.). 75S extrusions respond to 
artificial aging in a similar manner to sheet. 

The alloy coating on Alclad 75S has been selected so that it ex- 
ercises electrolytic protection over the core even in the artificially 
aged temper. Thus, the resistance to corrosion and stress corrosion 
cracking of Alclad 75S-T sheet is excellent. It is the consensus of 
those who have studied the results of accelerated tests and limited 
atmospheric exposures that if 75S-T extrusions are treated according 
to the procedures found desirable for 24S-T extrusions they will 
give satisfactory service in military aircraft. 











1945 HIGH STRENGTH ALUMINUM ALLOYS 145 


Alloys of the 75S type have an endurance limit in the range of 
20,000 to 22,000 pounds per square inch as compared to 18,000 
pounds per square inch for 24S-T. In this respect 75S-T extrusions 
are notably superior to the duralumin-type alloys. The notch sen- 
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Fig. 14—High Strength Aluminum Alloy Extrusions (Minimum Specification Values). 


sitivity in fatigue, however, may be somewhat greater than for the 
latter alloys. 

The mechanical properties* of the new high strength aluminum 
alloy products are shown graphically in Fig. 13 (for alclad sheet) 
and Fig. 14 (for extrusions). These properties are Government spec- 





*The first duralumin-type wrought structural alloy preduced in this country (17S) 
was an alloy susceptible only to room temperature aging. The letter “T’’ was selected to 
represent the heat treated condition of this product, i.e., solution heat treated and room 
temperature aged at least 4 days. When other alloys, such as 14S, were developed, which 
were used in both the room temperature aged and artificially aged tempers, the letter T 
was retained to designate the fully heat treated condition, that is, the temper after artifi- 
cial aging. The letter W, then, was instituted to designate the room temperature aged tem- 
per. Common usage now employs W to indicate as-quenched material. When so used, the 
condition is indefinite unless the period of room temperature aging is also stated. How- 
ever, where mechanical property minima for this temper are given in specifications a mini- 
mum aging time of 4 days is assumed. 

The room temperature aged temper of 24S is designated as T. The symbol T8 is 
used generically to indicate solution heat treatment followed by cold work followed by ele- 
vated temperature precipitation. A second numeral is used to indicate roughly the degree 
of cold working imposed between solution heat treatment and artificial aging. Thus, T80, 
designating artificially aged unflattened sheet, may be remembered because the 0 indicates 
substantially no cold working between solution heat treatment and artificial aging. T81 
designates commercial flat sheet artificially aged, the 1 being remembered as indicating 
roughly about 1 per cent cold work introduced by the flattening. T84 is the temper desig- 
nating roll formed sections which are stretched 3.5 per cent to 4 per cent after solution heat 
treatment and then artificially aged. T86 indicates the artificially aged temper of RT 
sheet which has received approximately 5 to 6 per cent cold work prior to artificial aging. 
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ification minima. The products are arranged in order of increasing 
yield strength. Thus, for Fig. 13, a yield strength of 38,000 pounds 
per square inch for Alclad 24S-T coiled strip or other unflattened 
sheet is shown at the left and a yield strength of 65,000 pounds per 
square inch for artificially aged 24S-RT (24S-T86) is shown at the 
right. The other products are spaced so that the yield strength block 
falls on the straight line drawn between these two points. 

The effect of the cold work during flattening of the Alclad 24S-T 
flat sheet is shown by an increase of 2000 pounds per square inch in 
yield strength. The next product is the unflattened Alclad 24S-T arti- 
ficially aged (24S-T80). Following this product is Alclad 24S-RT 
in which approximately 5 to 6 per cent cold reduction after the solu- 
tion heat treatment has increased the tensile yield strength from 
38,000 to 50,000 pounds per square inch, with an increase also of 
4000 to 5000 pounds per square inch in tensile strength and some 
reduction in elongation. The next product in order of yield strength 
is artificially aged Alclad 24S-T flat sheet (Alclad 24S-T81). The 
small amount of cold working during the flattening operation has so 
increased the response to artificial aging that a yield strength of 
56,000 pounds per square inch is obtained as compared to. 49,000 
pounds per square inch in the absence of cold work. 

Next in order is Alclad 75S-T, with a yield strength of 62,000 
pounds per square inch and the highest tensile strength (72,000 
pounds per square inch) of any of the new products. Thus the ratic 
of yield-to-tensile strength is more favorable. Also the elongation 
is relatively high. The product with the highest yield strength is the 
artificially aged Alclad 24S-RT sheet (Alclad 24S-T86) but the ratio 
of yield-to-tensile is very high and the elongation low. 

In all of the products listed, except Alclad 24S-RT sheet, the 
compressive yield strength is approximately equal to the tensile yield 
strength. Hence the graphs in Fig. 13 show the designer of aircraft 
structures the relative weight saving which may be accomplished by 
the use of these products. To achieve the ultimate he would choose 
between Alclad 75S-T and Alclad 24S-T86 depending upon the im- 
portance that he would attach to the ratio of yield-to-tensile strength 
and elongation. However, in order to use the yield strength of Al- 
clad 24S-T86 only a very limited amount of forming is permissible 
because the part must be formed of Alclad 24S-RT and then artifi- 
cially aged. Likewise, the properties of Alclad 24S-T81 can only be 
achieved for those parts which can be formed from Alclad 24S-T 
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flat sheet. The properties of Alclad 24S-T80 and Alclad 75S-T can 
be obtained from parts formed in the annealed temper, the as- 
quenched temper or the T temper, since these properties are not 
dependent upon cold working after heat treatment. Hence, for 
maximum compressive yield strength of parts requiring any except 
the simplest forming operations the choice would seem to fall on 
Alclad 75S-T. 

The sheet products R301 and Alclad 14S, alclad sheet having a 
core of 14S and a copper-free magnesium-silicide type coating, have 
properties which would indicate that these products would fall in 
about the same position in the chart as Alclad 24S-T81. They would 
have the advantage over the latter product, however, in that because 
of the characteristics of the 14S core they could be formed in the 
as-quenched or W temper and then artificially aged to full strength; 
that is, this product also would not require cold work subsequent to 
the solution heat treatment in order to achieve the full response to 
artificial aging. 

Alclad 24S-T84 is a special product produced as roll formed 
sections which are stretched 3.5 to 4 per cent after the solution heat 
treatment and subsequently aged. It is not included in the graph 
since, by the nature of the product, no transverse properties have 
been established. The minimum specification longitudinal values are 
tensile strength 70,000 pounds per square inch, yield strength 66,000 
pounds per square inch, elongation 5 per cent. 

The graphs for extrusions in Fig. 14 are arranged in a manner 
similar to that described for Fig. 13. The effect of section thickness 
on the properties of 24S-T and 14S-T extrusions are illustrated. 
The exceptionally high properties obtained in 75S-T extrusions are 
notable and represent at least a 20 per cent gain over the next high- 
est compressive yield strength. 

It is interesting to consider the graph of Fig. 13 in another light. 
The Alclad 24S-T sheet products shown at the left of the chart illus- 
trate the mechanical properties of products for which most of our 
current models of military aircraft were designed. In other words, 
they represent the available material at the beginning of the war. 
The products of progressively higher strengths towards the right 
hand portion of the chart illustrate the improvement which has been 
made available during the war period and gives some prediction of 
the improved weight characteristics to be expected in newer models. 
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DISCUSSION 


Written Discussion: By J. L. Waisman, metallurgist, and W. T. Snyder, 
assistant metallurgist, Douglas Aircraft Co., Inc., Chicago. 

The author is to be complimented on his clear and concise presentation of 
the newly developed high strength aluminum alloys. 

One of the chief disadvantages of the 24S alloy, from the fabricator’s point 
of view, is the ‘fact that its corrosion resistance is sensitive to slight changes 
in cooling rates. Even with 24S clad material a decrease in the quenching 
rate not only produces a core more susceptible to intergranular corrosion, but 
also reduces the difference in solution potential between clad and core. The 
usual excellent electrolytic protection of the clad for the core is therefore some- 
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what impaired.- From the practical point of view, the above effects necessitate 
a water immersion quench of non-clad parts and heavier gages of clad sheets. 
Such quenching produces extremely undesirable distortion in many parts. Is 
75S similar to 24S in its sensitivity to slight changes in cooling rate? 

Written Discussion: By H. S. Rawdon, chief, Division of Metallurgy, 
National Bureau of Standards, Washington, D. C. 

Papers of the high caliber of this one are rare. Excellence in English 
and clarity in presentation are among its outstanding features and the paper 
constitutes a reference of unquestioned reliability on the subject discussed. For 
fundamental information on the wrought aluminum alloys the structural engi- 
neer of aircraft as well as those interested in other applications of these light 
structural metals need seek no further. 

For the reader who is not a specialist in aluminum but who needs to 
keep abreast of metallurgical developments, Fig. 13, together with the conclud- 
ing paragraph of the paper, can be highly recommended for obtaining a gist of 
the paper. These show very clearly and concisely the advances in aluminum 
structural alloy development from the standpoint of heat treatment and com- 
position. If one also takes into account what the author says (page 147, par- 
agraph 1) concerning some other recently developed alloys (R301 and Alclad 
14S) he has an essentially complete story- of the industry. 

It is well known, of course, that the heat treatment of the aluminum alloys 
distinctly differs from the familiar treatments used for steel. The nomen- 
clature evolved for designating the various types of aluminum alloys and their 
condition with respect to the treatment received has long been a source of ad- 
miration for many metallurgists, including the speaker. It is with genuine 
regret, therefore, that one learns that the advances made in one line of treat- 
ment (accelerated aging) have resulted in a change Of nomenclature which, at 
least for some time to come, promises to be quite confusing. The system of 
nomené¢lature with which we are familiar was admirably set forth in the article 
in the Society’s Handbook by Messrs. Nagel and Farragher as follows: 


“The various tempers are designated by letters following the alloy symbol 
and separated from it by a dash, for example, Al17S-T. Where more than one 
heat treatment is applied, the different heat treatments may be indicated by a 
numeral following the letter, for example, 11S-T3. 

“The temper resulting from complete heat treatment (including whatever 
aging is necessary to develop the maximum properties from heat treatment) is 
designated by the latter “T’. The letter ‘W’ is used only with the alloys 
which require precipitation heat treatment to develop their maximum properties 
to indicate that they have been subjected only to the solution heat treatment, 
for example, 53S-W. In some of these alloys there is some aging at room 
temperatures even though precipitation heat treatment is necessary to develop 
their higher properties. In these cases, the properties specified for the “W’ 
temper are those which the material will have after a few days when this 
aging is practically complete. The soft temper which results from annealing 
is designated by the letter ‘O’. 


“The alloys 17S and 24S age spontaneously at room temperatures, conse- 
quently there is no ‘W’ temper ...... . 

According to this system of nomenclature the temper characterized by the 
maximum properties which can be developed by heat treatment is designated by 
the symbol T. If deformation of the alloy is also necessary as part of the 


treatment, this can be shown by the use of the additional symbol, R, along with 
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T. A modification in nomenclature to designate the result of accelerated aging 
on 24S alloy was evidently necessary since this alloy exists in two important 
high-strength conditions—(1) normal aging + some cold work and (2) the 
same material (normal aging + cold work) after accelerated aging. But why 
choose a designation to indicate the temper of the alloy in the second condi- 
tion, 80, 81, etc., which bears no resemblance whatsoever to the system with 
which we are familiar? It would seem that a much less drastic change in 
nomenclature could have been evolved which would have been more in keeping 
with the old system and not constitute an additional tax on one’s memory. 

It will be appreciated if the author will tell us whether the use of symbol 
T to refer to accelerated-aged alloys in general has been discontinued and 
superseded by some other symbol or is the new nomenclature relating to 24S 
alloy the only deviation from the familiar system? 

Another change relating to nomenclature, which although it appears in the 
paper, is not original to it, is the extended meaning of the term “alclad”. 
To the great majority of those who, while not specialists, are familiar with 
the aluminum alloy system, this term suggests an aluminum-base alloy clad 
with pure aluminum. However, as set forth in the 1943 edition of the Com- 
pany’s technical bulletin, “Alcoa Aluminum and Its Alloys,” the name “alclad” 
is now used to designate also similar coated products consisting of a base of 
aluminum-base alloy carrying a coating of an aluminum-base alloy of another 
kind. Thus, as the author states, Alclad 14S consists of a core 14S alloy 
(copper, silicon, manganese, magnesium) coated with an alloy of copper-free 
magnesium-silicide type of alloy. 

Possibly the best view to take of this increasing and somewhat incon- 
sistent complexity in nomenclature is that it is part of the price of progress 
and advance. 

But to revert to the paper under discussion, despite these minor adverse 
criticisms, the speaker considers the paper to be one of which the author, the 
research laboratory which he represents as well as this Society may well be 
proud. 

Written Discussion: By T. L. Fritzlen, chief research metallurgist, Rey- 
nolds Metals Co., Glen Cove, N. Y. 

. Mr. Dix is to be commended for his excellent summary on “New Develop- 
ments in High Strength Aluminum Alloy Products”, and the extremely in- 
teresting historic background of these developments. At the time Mr. Dix 
prepared his paper, information on the two high strength alloys, R301 and R303, 
which have been developed by the Reynolds Metals Company, was probably 
meager or not available, and I would like to take this opportunity of supple- 
menting Mr. Dix’s paper with additional information on these two alloys. 

R301 alloy is a composite sheet and plate composed of a core alloy having 
a nominal composition of 4.5 per cent copper, 1.0 per cent silicon, 0.80 per cent 
manganese and 0.40 per cent magnesium, clad with an alloy consisting ef a nom- 
inal content of 1.0 per cent magnesium, 0.7 per cent silicon and 0.5 per cent 
manganese. Hundreds of thousands of pounds of this alloy have been produced 
for the aircraft industry and has been enthusiastically received by the man- 
ufacturers. 
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The cladding alloy possesses excellent corrosion resistance and provides 
electrolytic protection to the core alloy, as evidenced by the following potential 
measurements : 


Temper Core, Mv. Cladding, Mv. Difference, Mv. 
R301-W —650 to —660 —830 to —840 170-180 
R301-T —720 to —740 —810 to —830 80-— 90 


The cladding alloy of R301 responds to solution and aging heat treatments 
and consequently provides a harder surface and higher strength than that of 
material clad with pure aluminum. 

The percentage of cladding is varied, in order to provide adequate pro- 
tection against excessive diffusion of the copper into the cladding during pro- 
longed solution heat treatment, from 10 per cent on each face for the gages 
0.024 inch and less, to 2.5 per cent on each face on gages 0.102 and heavier. 

In addition to the advantage in forming offered by R301-W as mentioned 
by Mr. Dix, R301-O can be drawn easier than other annealed alloys of similar 
strength. R301 freshly quenched can be stretcher formed, or drawn easier 
than other high strength alloys in a similar condition, and R301-T can be formed 
or dimpled substantially as well as 24S-T alloy. 

Another advantage of R301 is the fact that it can be spot welded more 
easily than other strong alloys, since it has less tendency to crack. With proper 
technique it is possible to produce spots, which are larger and therefore stronger 
than those produced in other higher strength aluminum alloys. 

R303 alloy is a high strength aluminum alloy containing zinc, magnesium 
and copper as the major hardening elements and is produced as extrusions, 
rolled rod, forgings and clad sheet. At the present time, this alloy is being 
tested by the Government for approval. 

R303 alloy is produced in three tempers designated as follows: 


R303-O Annealed. 

R303-T275 Solution heat treated and precipitation heat treated at 275 
degrees Fahr. (135 degrees Cent.). 

R303-T315 Solution heat treated and precipitation heat treated at 315 
degrees Fahr. (155 degrees Cent.). 

Tentative guaranteed mechanical properties for extrusions and sheet are: 


Yield Elongation 


Tensile Strength Per Cent 

Strength Psi. in 2 Inches 
Temper Product Thickness Psi. Min. Min. 
R303-O extrusions all gages See Siege 12.0 
R303-T275 extrusions 0.040-0.600 75000 Min. 70000 7.0 
R303-T315 extrusions 0.040-0.600 70000 Min. 65000 7.0 
R303-T275 extrusions over 0.600 80000 Min. 75000 8.0 
R303-T315 extrusions over 0.600 75000 Min. 70000 8.0 
Clad R303-O clad sheet all gages ee 10.0 
Clad R303-T275 clad sheet all gages 70000 Min. 64000 7.0 
Clad R303-T315 clad sheet all gages 65000 Min. 60000 7.0 


It is to be pointed out that clad R303-T275 sheet offers exceptionally 
higher tensile yield strength. The compressive yield strength has been found 
equal to the tensile yield strength. 

Laboratory corrosion tests, as well as outdoor exposure tests, have shown 
that clad R303 sheet and R303 extrusions bare, compare favorably to clad 
24S-T sheet and 24S-T extrusions. Extensive laboratory tests have shown 
satisfactory resistance to stress corrosion of clad R303 sheet highly stressed 
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and severely plastically deformed. The cladding alloy of R303 provides ex- 
cellent galvanic protection to the core alloy. 

The formability of R303 in the “O” temper is equal to that of 24S-O, 
although slightly higher pressures are required due to the higher yield strength 
of R303-O. 

The formability of R303-T315, which is slightly better than that of R303- 
T275, approaches the formability of 24S-T alloy and is somewhat better than 
that of 24S-RT. 

Written Discussion: By James W. Poynter, associate metallurgist, Head- 
quarters, Air Technical Service Command, Wright Field, Dayton, Ohio. 

Mr. Dix is to be thanked for making available such a complete summary 
of the present knowledge of the high strength aluminum alloys. The data given 
should prove to be of value both to the aircraft designer and to the metallurgist. 

Aircraft parts made of artificially aged clad 24S alloy described by Mr. 
Dix in his paper are covered by Army Air Forces Specification No. 11354, 
Parts, Fabricated; Clad Aluminum Alloy (Elevated-Temperature-Precip- 
itation). The nomenclature used in Revision A of this specification, released 
October 13, 1943, is the same as that used in this paper, i.e, Clad 24S-T80, 
Clad 24S-T81, etc. However, Revision B of this specification, released on 
September 20, 1944, gives a slightly different system of designation. 

This system, in common with that used throughout the industry, uses the 
symbol T to designate the solution treated and aged condition. The numeral & 
is used to indicate cold working followed by an elevated temperature pre- 
cipitation treatment. A second numeral between the T and the 8 gives the 
approximate amount of cold working of the solution treated metal prior to the 
elevated temperature precipitation treatment. The application of this system 
results in designations such as Clad 24S-T08, for Clad 24S-O material solution 
treated, followed by an elevated temperature precipitation treatment without 
intermediate cold work; Clad 24S-T18 for Clad 24S-T material given the 
elevated temperature precipitation treatment (the numeral 1 representing the 
approximate amount of cold work resulting from the flattening of the sheet 
alter solution treatment by the producer) ; and Clad 24S-T68, for Clad 24S-RT 
material which has been given the elevated temperature precipitation treatment 
(the numeral 6 representing the approximate amount of cold working given 
RT sheet). 

Specification No. 11354 requires that each part conforming to it be marked 
in accordance with the above system. This method was selected as standard 
for the Army Air Forces at the request of the aircraft companies on the basis 
that it represented a logical sequence of*operations which could be expanded 
if other operations were introduced. 

The various tempers of the non-heat treatable aluminum alloys are des- 
ignated as 2S - “%H, 2S - etc., where H denotes the final operation (cold 
rolling) and is preceded by a fraction showing the degree. The same procedure 
is followed in the designation of 24S-RT where the letter R denotes cold rolling 
and precedes the symbol T denoting the solution treatment and normal aging. 

It is hoped that the producers and users will agree on this system of 
designation, thus avoiding much confusion. 
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I am somewhat overwhelmed by Mr. Rawdon’s very kind remarks. I have 
known him for so many years that I must say I appreciate them. 

In regard to the question asked by Mr. Waisman and Mr. Snyder of the 
Douglas Aircraft Company, the resistance to corrosion of 75S-T is less 
sensitive to the rate of quenching than in the case of 24S-T. However, there 
is a sensitivity. In the case of 75S-T the mechanical properties are more 
affected than the resistance to corrosion so that the ordinary inspection tensile 
tests will be a check on the rate of quenching and such tests are much easier 
to perform than are corrosion tests. 

In regard to the alclad material, the Alclad 75S-T has an advantage over 
the Alclad 24S-T in that even with slow quenching the potential between the 
coating and core is maintained so that the electrolytic protection is present 
even though the material is slowly quenched. 

Mr. Fritzlen’s discussion certainly rounds out the picture on the strong 
aluminum alloy products and I am very glad to have all of this information in 
one place. I mentioned briefly that the Aluminum Company is prepared to 
produce Alclad 14S to meet substantially the same specification as R301. 

It’s going to be of great interest, I am sure, to metallurgists and engineers 
who follow the shakedown of the various products that are now available and 
maybe three, or four, or five years from now we are going to know a lot more 
about metallurgical characteristics and their relation to service performance 
both as regards resistance to corrosion, fatigue and other properties so nec- 
essary in structures. 

Both Mr. Rawdon and Mr. Poynter have discussed the nomenclature 
used in my paper relating to artificially aged 24S. Mr. Rawdon has quoted 
from the description of the aluminum alloy nomenclature contained in the 
A.S.M. Handbook. 

In building on any system of nomenclature which has already received 
considerable usage, the problem is how to retain a logical system broad enough 
for future developments without confusing or changing a well established 
usage. Consequently, most systems of nomenclature concerning a developing 
industry are far from ideal and are nearly always a compromise. 

The nomenclature system which has been in use by the Aluminum Com- 
pany of America for some years has suffered to some extent by the conditions 
just described but has been extended only after very careful consideration of 
all the complications involved. In its essence it is as described in the A.S.M. 
Handbook and I would call particular attention to the sentence “where more 
than one heat treatment is applied the different heat treatments may be indicated 
by a numeral following the letter, for example 11S-T3”. T3 indicates a solution 
heat treatment plus working. In the same manner, T8 indicates a solution 
heat treatment followed by working, followed by elevated temperature pre- 
cipitation. 

When 24S was first developed the use of artificially aged tempers was 
not contemplated and therefore, again in agreement with the A.S,M. description, 
the temper resulting from complete heat treatment was designated by the letter 
T. When the use of the artificially aged tempers was recently accepted by 
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the industry there was a tremendous amount of data and information on 24S-T. 
Consequently it was impossible to use the T alone to indicate the artificially 
aged temper. Further, the mechanical properties obtained after artificial aging 
varied with the amount of cold work which the product had received sub- 
sequent to solution heat treatment but prior to artificial aging. Thus, the 
artificially aged conditions fall in the T8 temper classification previously 
described. The additional numerals 0, 1, 4, and 6, indicating approximately the 
amount of cold working, seemed to be a logical and simple addition. 

Mr. Rawdon has suggested the use of the symbol R along with T to in- 
dicate the cold working. However, R in the past has indicated a specific degree 
of cold working such as is given to 24S-RT sheet. Any use of R and T would 
confuse the issue in regard to all of the previous data on the 24S-RT product 
which of course is not artificially aged. 

Mr. Poynter’s information, that the Army Air Forces have changed the 
nomenclature accepted for Revision A of Army Air Forces Specification 
11354 when they issued Revision B, is quite. disturbing. This precipitate 
change violates the first principle of establishing a satisfactory nomenclature 
system, which is that once a system is put into operation it should not be 
changed without very careful consideration of the effect on the scheme as a 
whole. The change conflicts in other respects with the well established 
scheme of nomenclature of one of the principal producers of the products. It 
is unreasonable to expect a producer to permit his whole scheme of no- 
menclature to be upset by any group that desires to change one part of it 
without considering the effect on the whole. On the other hand, undoubtedly 
the producers would be glad to co-operate with a responsible authority to con- 
sider any necessary changes in aluminum nomenclature. 

Mr. Rawdon has commented on the use of “alclad” to cover the products 
other than those having a pure aluminum coating. The trademark “Alclad” 
covered duplex aluminum articles and was not confined to any particular 
combination. Although the Aluminum Company has given up claim to the 
trademark, the word is used to describe clad products in which one of the 
principal functions of the coating is to improve the resistance to corrosion of 
the product. For some time Alclad (72S)3S sheet, in which the coating is 
an alloy which will electrolytically protect the core, has been used for prod- 
ucts requiring resistance to perforation, such as aircraft gasoline tanks. ‘The 
alclad coating on Alclad 75S is also an alloy coating, hence the selection of 
“Alclad 14S” to describe a 14S core clad with a corrosion resistant alloy of 
copper-free magnesium silicide type seems to be a logical selection. 

It will be evident to readers of these several discussions that the aircraft 
engineer has two new types of aluminum alloy products available for use in high 
strength, light weight structures, the duralumin-type alloys R301 and Alclad 
14S-T, and the new aluminum-zinc-magnesium type alloys 75S and R303... The 
latter alloys represent the highest strength aluminum products commercially 
available and the former, although not as strong, possess better shop charac- 
teristics. 

Our appraisal of the relative formability of these two types of alloys differs 
somewhat from that given by Mr. Fritzlen. The relative formability of the 
products under consideration is well illustrated in the following tabulation: 
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Minimum Bend Radii for Heat Treated Alclad Sheet 
%0-Degree Power Bends for Fourteen-Gage Sheet (0.064 Inch) 


Minimum Bend 


Alloy Temper Radii 
Alclad 14S-W As-quenched and refrigerated 1T 
Alclad 75S-W As-quenched and refrigerated 1T 
Alclad 24S-W As-quenched and refrigerated 1%4T 

Aged at Room Temperature 
Alclad 14S-W 114 Days 1Y%T 
Alclad 75S-W 14 Days 2T 
Alclad 24S-T 14 Days 2T 
Aged at Elevated Temperature 
Alclad es 10 hours at 340 degrees Fahr. 3T 
5S-T 


Alclad 75S 


24 hours at 250 degrees Fahr. 4T 





While it is recognized that bend radii are not by any means the whole 
story on forming, they are at least a measure of one type of forming and our 
other shop experience would rate these alloys and tempers in about the same 
order as the bend radii in the tabulation. Thus, immediately after quenching 
we would rate Alclad 14S-W and Alclad 75S-W as being comparable in form- 
ing characteristics and somewhat better than Alclad 24S-W. Alclad 14S-W 
after room temperature aging we would rate superior to Alclad 24S-T. Alclad 
75S-W after about 14 days of room temperature aging we would consider 
somewhat comparable with Alclad 24S-T. In the fully aged temper we would 
rate Alclad 14S-T as definitely inferior to Alclad 24S-T and Alclad 75S-T in- 
ferior to Alclad 14S-T. 

In regard to Mr. Fritzlen’s comments on spot welding, the work in our 
welding laboratory on Alclad 14S-T does not show it to have less tendency to 
crack nor to produce higher strength spots than Alclad 24S-T. It is question- 
able if such broad generalizations can be made without going into greater detail 
than is permissible here. 

Only time and experience will prove the value of the different strong alu- 
minum alloy products and establish the applications in which each will prove 
the most economical. The author, for one, expects to observe with much in- 
terest their use in the war and postwar periods. 








ALUMINUM ALLOY FORGING MATERIALS AND DESIGN 
By L. W. Davis 


Abstract 


The rapid expansion of the aluminum forging in- 
dustry in recent years has been accompanied by improve- 
ments in materials available for forgings and by develop- 
ment of more accurate knowledge regarding proper alumi- 
num. forging design. Very little information on this sub- 
ject has appeared in technical literature. 

The alloys available for forgings are enumerated 
and the advantages of each are indicated. A method of 
determining relative forgeability is described. This method 
permits evaluation of new forging materials and accurate 
comparison with other alloys. 

New forging equipment has been developed especially 
to handle aluminum alloys. A description of a hydraulic 
forging press, a forging roll and other equipment is given. 

The necessity for controlling flow lines and methods 
for accomplishing this control by means of forging tech- 
nique and die design are shown. General rules for the 
design of aluminum forgings are enumerated, including 
draft angles, location of forging plane and parting line, 
size of fillets and radu and allowance for shrinkage. The 
effect of proper and improper design is demonstrated on 
typical forgings. 


ALUMINUM ALLOY ForRGING MATERIALS AND DESIGN 


OR several years the use of aluminum forgings, particularly in 

aircraft, has been undergoing a very rapid expansion. In fact 
the productive capacity of the country today is at least 70 times the 
capacity existing 5 years ago. Probably about 12 to 13 per cent of 
the metal produced in the country today eventually reaches the trade 
in the form of forgings. Depending upon the size and type of air- 
plane, aluminum forgings represent from 10 to 18 per cent of the 
finished aluminum weight present in our military aircraft. This tre- 
mendous expansion has speeded up the normal process of evolution 
both in the development of forging materials and in the development 
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of equipment for the production of forgings. Little information re- 
garding these developments has found its way into technical litera- 
ture and, therefore, these facilities have not always been employed 
as advantageously as possible. 

In discussing aluminum alloy forgings, no attempt will be made 
to go into detail concerning production methods except to point out 
some of the controls that are essential if a quality product is to be 
obtained. With the development of the art, the intricacy of the parts 
produced has increased materially. Although many things have been, 
and still can be, accomplished in this respect, there are certain limita- 
tions which should be appreciated. Some of these limitations as well 
as the possibilities of this type of product will be discussed. 


STANDARD ForGING-ALLOYS 


In Table I, the commercial wrought alloys of aluminum that 
are used today in production forgings are shown with their nominal 
chemical composition.. It will be noted that of these 9 alloys, the 
first 5 contain 4 to 5.5 per cent copper placing them in the group 
familiar to all. One alloy, 32S, contains about 12.5 per cent silicon 
with small amounts of other alloying elements. The next 2 alloys are 
in the aluminum-magnesium-silicide family, and the last alloy shown, 
70S, is one of the aluminum-zine group with small amounts of other 
alloying elements. 

Reference to Table II will indicate the mechanical properties 
obtained from these alloys. In the aluminum-copper series of alloys, 
14S-T possesses the highest ultimate strength and also develops a 
considerably greater Brinell hardness than any of the other materials. 
The use of this alloy has expanded more rapidly during the war than 
any of the other older materials because of the high mechanical prop- 
erties which have made it a very suitable alloy for aircraft structural 
purposes. The use of 17S-T has not increased at the same pace as 
the other alloys for several reasons. Where high strengths are de- 
sired, 14S-T is used instead of 17S-T. It will also be noted that 
25S-T has the same mechanical properties as 17S-T. This alloy is 
more easily worked at forging temperatures and it does not age at 
room temperature as does 17S-T, thereby making it a more desirable 
forging alloy. The advantages left with 17S-T are better machin- 
ability and somewhat better resistance to corrosion. Recent tests have 
indicated that 14S-W, with mechanical properties the same as 17S-T, 
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Table |! 
Nominal Composition of Aluminum Forging Alloys 


——— Percentage of Alloying Elements. Aluminum and Normal Impurities———— 


Alloy Constitute Remainder 
Manga- Magne- 

Copper Silicon nese sium Zinc Nickel Chrom. Lead Bismuth 
11S $.§ ' < ie ri 0.5 0.5 
14S 4.4 0.8 0.8 0.4 ae Sa% 
17S 4.0 ee 0.5 0.5 oth 
18S 4.0 “ao 6 aa 0.5 2.0 
25S 4.5 0.8 0.8 ates atic ek 
32S 0.9 12.5 Ae 1.0 pore 0.9 ary 
A51S 1.0 0.6 ath 0.25 
53S oan 0.7 4 1.3 sy 0.25 
70S 1.0 ep 0.7 0.4 10.0 


Heat treatment symbols have been omitted since composition does not vary for different heat 
treatment practices. 


Table II 


Mechanical Properties cf Aluminum Alloy Forgings 
Minimum Specification Values Typical Values (Not Guaranteed) 
—__—_—_—_—-~-—Tension- — Hardness Shear Fatigue Density 
Alloy Yield Elonga- Brinell 
Strength tion 500 Kg. Shearing Endurance 
(Set=0.2%) Ultimate Percent Load Strength Limit Lb. per 
Lb./sq. in. Strength in 2 10 mm. _ Lb./sq. in. Lb./sq. in. cu. in. 
Inches Ball 
11S-T 34,000 55,000 12.0 90 31,000 13,000 0.101 
14S-W 30,000 55,000 16.0 100 36,000 15,000 0.101 
14S-T 55,000 65,000 10.0 130 45,000 16,000 0.101 
17S-T 30,000 55,000 16.0 100 36,000 15,000 0.101 
18S-T 35,000 55,000 10.0 100 38,000 14,500 0.103 
25S-T 30,000 55,000 16.0 100 35,000 15,000 0.101 
328-T 40,000 52,000 5.0 115 38,000 14,000 0.097 
A51S-T 34,000 44,000 14.0 90 32,000 10,500 0.097 
53S-T 30,000 36,000 16.0 75 24,000 11,000 0.097 
70S-T 40,000 50,000 16.0 


85 37,000 19,000 0.107 


is at least equivalent to 17S-T in resistance to corrosion. There- 
fore, it is possible that in the near future 14S-W will be permitted 
as an alternate material. This means that 17S-T will disappear from 
the active list of forging materials. 11S, which is the alloy that con- 
tains the lead and bismuth additions, has had very limited forging 
application, since it is used only for those applications where its 
superior machinability makes it the most desirable material. 

As mentioned above, 25S-T is desirable because it does not age 
harden at room temperature. This means that forgings can be 
straightened in the quenched condition (heat treated, but not aged) 
with little difficulty. This is the alloy employed today for most 
propeller blade forgings as well as for many smaller applications. It 
is one of the oldest forging alloys, but is still used for a very large 
proportion of the total forging tonnage. 
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18S-T and 32S-T are used for forged parts in which the reten- 
tion of strength at elevated temperature is essential. . Pistons and air- 
cooled cylinder heads for aircraft engines are the principal products 
for which these alloys are employed although there are other appli- 
cations. ‘ Alloy 32S also has the advantage of a lower coefficient of 
thermal expansion than any other wrought aluminum alloy. 

Where low cost is a primary consideration, alloys A51S and 70S 
are usually used. Both of these alloys can be forged much more 
readily than 25S, making for lower production cost. Because of this 
excellent forgeability, large and intricate parts such as radial air- 
craft engine crankcases are made from A51S-T while they would 
be difficult and much more costly to produce in some of the harder 
alloys. 

In order to determine the relative forgeability of these and other 
alloys at various elevated temperatures, a test was devised for a com- 
parison of different materials. The method consists in a measurement 
of the resistance of the various alloys to impact compression without 
lateral restraint. A comparison of the decrease in height of speci- 
mens of one alloy at different temperatures, or of different alloys 
under similar conditions, yields a relative classification of the capac- 
ity of the various alloys to submit to forging operations such as up- 
setting and direct compression where the material is not appreciably 
constrained nor is it forced to extend axially. 

There are probably many metals which have approximately 
equal resistance to impact compression or tension or at least values 
of the same order of magnitude. Where this is the case, the drop 
hammer method results may then be considered representative of the 
general forgeability of that material or its alloys. Iron and copper 
can be easily drawn, upset and compressed. However, magnesium and 
zinc are compressed readily and yet extend with considerable diffi- 
culty during forging, making this type of test of doubtful value in the 
case of these metals. Commercial practice has proven that the alu- 
minum alloys can be both easily depressed and drawn by the drop 
hammer at elevated temperatures. 

The drop hammer test was selected for the investigation of the 
plasticity of wrought aluminum alloys at elevated temperatures be- 
cause of its simplicity and the ease with which it can be reproduced 
in the forging plant without the addition of any special equipment. 
The test uses cylindrical slugs of uniform diameter and height which 
can be upset in a board hammer employing a known weight, travelling 
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a known distance, and thereby developing a blow energy of a definite 
number of foot-pounds. From this test a set of values can be de- 
rived indicating the change in dimensions compared with forging 
temperature, and it is possible to calculate the resistance to deforma- 
tion in pounds per square inch at any temperature. The results 
of tests reveal why intricate forgings can be produced in A51S 
alloy. For a proper interpretation of the values obtained, the tem- 
perature at which the various alloys become hot short must be 
known since this point determines in practice the maximum forg- 
ing temperature. The hot-short temperature varies for the differ- 
ent aluminum alloys depending on the chemical composition. 
Alloys A51S, 70S, 25S and 32S can be forged at temperatures up to 
about 875 degrees Fahr. (470 degrees Cent.). For 14S, 17S, and 
18S, the optimum temperature is a little above 800 degrees Fahr. 
(425 degrees Cent.). Then going to the harder materials such as 
Y alloy and 24S the temperature is reduced to about 750 degrees 
Fahr. (400 degrees Cent.). A set of values from the drop ham- 
mer test is helpful in the evaluation of new forging materials since 
it is a fairly simple matter to determine a few points and see how 
they compare with the figures for existing alloys, and thus decide 
whether there is any possibility of using that composition in com- 
mercial forging work. It is also possible to make a reasonably 
accurate estimate of the type of forging equipment that must be 
used if a new composition possesses properties that give it definite 
advantages over other materials for certain applications. Proceed- 
ing from the alloys of relatively high forgeability to the materials 
more difficult to work, the value of the forging hammer decreases, 
the size of hammer that must be used for a given forging in- 
creases, and the importance of mechanical and hydraulic presses 
in place of hammers also increases. 

This is one of the reasons why pistons are made in horizontal 
forging machines or presses rather than in hammers, and also why 
cylinder heads are forged in mechanical presses rather than in 
hammers. These tests also point to the fact that exploitation of 
difficult forging materials such as Y alloy requires the use of very 
large press equipment. 


ForGINnNG EQUIPMENT 


It will be appreciated from the above why it has been neces- 
sary to parallel the: development of forging alloys with the de- 
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velopment of types and sizes of forging machinery and accessory 
equipment capable of making the products. In some cases, this 
has meant simply increasing the size of existing types of equip- 
ment and in other instances entirely new kinds of forging ma- 
chinery have been developed. 

When work on the new aluminum-zinc-magnesium alloys was 
first undertaken, it was found that several of the most desirable 
alloys in this group could not be rolled from the type of ingot 
generally used for making rolled products. This meant that the 
ingots had to be broken down by some type of forging operation. 
It was soon discovered that hammers could not be used for this 
purpose since the cast structure of these alloys would not with- 
stand an impact blow without cracking. Preliminary experiments 
indicated that the squeezing action of a hydraulic press was the 
type of working that would be successful with these alloys. There 
were no presses in the aluminum forging industry at that time, 
but it was possible to obtain the use of the conventional type of 
steam-hydraulic forging presses in some of the plants in the steel 
forging industry. _ 

At about the same time the forged aluminum alloy piston for 
Diesel engines was being developed. This piston was too large 
to make on any horizontal forging machine or upsetter available 
at the time, and its design was such that a hammer was out of the 
question. .Consequently, this forging also was made on a steam- 
hydraulic forging press in a steel forging plant. 

It soon became evident that the type of forging presses then in 
use in the steel industry were not particularly well suited to the 
requirements of aluminum. Aluminum should be worked with a 
comparatively rapid pressing speed and long power strokes can 
be used. The steam-hydraulic presses had a sufficiently rapid 
travel, but in most cases were limited to a 4 to 5-inch power stroke. 
A full hydraulic press could deliver the long. working stroke de- 
sired, but in the past these presses had been built for compara- 
tively low pressing speeds. Also it was found that the load should 
be concentrated on a smaller, stiffer platen for aluminum than had 
been the custom in steel forging press construction. If the press 
is to be used for closed die work, the alignment must be much bet- 
ter than was necessary on most existing presses. As a result, an 
entirely new type of hydraulic forging machine was designed and 
built. This was a full hydraulic press capable of a speed as high 
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Fig. 1—3000-Ton Hydraulic Forging Press and Manipulator Engaged in Cogging 
an Aluminum Ingot. 


as 7 inches per second under full load, with a power stroke of as 
much as 36 inches if necessary. It has a small platen, very ac- 
curate guiding, and a valve control system entirely new to the 
forging industry, imparting unusual accuracy to the length of the 
power stroke. Fig. 1 shows one of these presses drawing down 
on aluminum ingot. 

The manipulators used with the steel forging presses were 
built to handle heavy ingots or billets and were not as flexible or 
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Fig. 2—35,000-Pound Steam Drep Forging Hammer Working on an Aluminum 
Propeller Blade. 


as fast as was desirable for aluminum. Accordingly, the manipu- 
lators serving the aluminum forging presses were of a new design 
with features especially adapted to handling light metals. A por- 
tion of the manipulator can be seen in Fig. 1 in front of the press 
holding the ingot as it is forged. 

With the demand for larger and more complicated forgings 
in alloys that were more difficult to forge, it became obvious that 
larger forging hammers were essential. In the aluminum industry 











164 TRANSACTIONS OF THE A. S. M. Vol. 35 





Fig. 3—Mechanical Forging Press About 1500-Ton Capacity Working on Aluminum. 


and also in the steel industry, hammers of 18,000 to 20,000-pound 
capacity were the largest pieces of equipment available in most 
shops. In fact, few hammers of larger size had been built. A 
hammer of 35,000-pound capacity was designed, and one of the 
first hammers of this size to be built was installed in an aluminum 
forge shop. A hammer of this type is shown in Fig. 2. A num- 
ber of these hammers are in operation in aluminum forge shops 
throughout this country today, as well as many hammers of 
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25,000-pound capacity. Without these it would have been impos- 
sible to produce many of the large forgings in use today, including 
propeller blades for big bombers, crankcases for the largest radial 
aircraft engines and numerous airframe fittings. 

Upsetters and mechanical forging presses are not new types 
of equipment since both have been used by the ferrous and non- 
ferrous forging industries for years. The interesting fact is that 





Fig. 4—8-Inch Upsetter Used for Making Forged Aluminum Air-Cooled Cylinder Heads. 


the demands of the aluminum forging plants have brought about 
the development of larger and stiffer machines of both types. The 
2500-ton forging presses that were built especially for the produc- 
tion of forged cylinder heads have a longer stroke, a larger fly- 
wheel and other refinements not found on the standard 2500-ton 
press prior to that time. Some plants are using presses of 4000- 
ton capacity for work on cylinder heads and other heavy forgings. 
Fig. 3 shows a somewhat smaller press (about 1500-ton) working 
on aluminum forgings. In Fig. 4 is seen one of the large up- 
setters used in producing cylinder heads. Machines of 8 and 9- 
inch capacity are required for this work, and many of these ma- 
chines are available and are being used in many aluminum forging 
plants today. 
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Fig. 5—Macro-Etched Cross Section of the Hub Portion of a Variable Pitch Pro- 
peller Forging. 25S-T Alloy. 


ALUMINUM ForGING DESIGN 


In order that dies may produce the number of pieces that they 
should, the most careful attention must be paid to die design and 
correspondingly to forging design. In any discussion of design, 
one of the first points to be considered is the establishment of the 
proper grain flow lines in the part. All forgings are possessed of 
a characteristic structure imparted to them by operations incident 
to the production of the original forging stock such as_ rolling, ex- 
trusion or casting, as well as by the subsequent forging operations 
themselves. By the proper selection of stock and sequence of 
operations, this structure can be controlled and developed to con- 
form. to the shape and functioning of the part in question. 

Proper die design is a necessity in obtaining satisfactory grain 
flow in forgings. Many forging imperfections are the result of 
improper grain flow in the section in question. Frequentiy, simple 
changes in die design or forging technique are sufficient to cor- 
rect the flow and eliminate the difficulty. It is important, there- 
fore, that in parts subjected to high tensile, torsional and repeated 
impact stresses, the grain flow follow the proper direction so as to 
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Fig. 6—Large Airframe Structural Fitting of Unusual Design. 14S-T Alloy. 


afford the maximum strength at the point of maximum loading. 

The establishment of proper flow lines in forgings can be ex- 
plained best by considering a few concrete examples. Fig. 5 is a 
macroetched cross section of the hub portion of a variable pitch 
propeller forging. It will be noted that the grain flow follows the 
forging line smoothly and without kinks. It is also important in 
this case, that the flow lines should remain the same to such a 
depth that they will also conform to the finish machined contour 
of the propeller. Excess metal is permitted to flow freely in a 
lateral direction increasing the diameter of the base. This is re- 
moved during machining without disturbing the grain contour of 
the finished part. 

Fig. 6 is a very unusual looking airframe structural fitting. 
It is shaped like a letter “Z” with a heavy section at each corner 
and very light connecting legs. It is obvious that this part could 
be produced with simple dies from a piece of plate. This would 
result in flow lines that would follow either the two outer legs 
or the center leg and cut through the other parts of the forging 
at an angle. Since the user specified flow lines following all three 
legs because of the service loading of the part, it was necessary to 
develop a die design that would accomplish this result. A blank 
was prepared and placed in the die shown in Fig. 7, and the pre- 
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Fig. 7—Preliminary Blocking Dies for Part Shown in Fig. 6. 


liminary blocked piece was then forged in the blocking die shown 
in Fig. 8. It will be seen that this produces a piece with the metal 
for the three legs parallel to each other and in line with the flow 
lines of the bar stock that was used. This piece was opened out 
by bending the junction of the center leg with the two corners so 
that it was approximately the shape of the finished part and could 
be placed in the finishing die (Fig. 9). This resulted in the de- 
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Fig. 8—Blocking Dies for Part Shown in Fig. 6. 


sired flow throughout the entire forging. With a knowledge of 
the service conditions, a study of this kind should be made before 
any forging is produced so that the proper sequence of operations 
can be incorporated in the dies. 

Regardless of the care exercised in die design and in the use 
of the most satisfactory type of stock, variations in tensile prop- 
erties will still exist in most forgings when tests are taken in dif- 
ferent directions. Fig. 10 shows the outline of a large airframe 
fitting weighing about 55 pounds and produced in 14S-T alloy. 
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Fig. 9—Finishing Dies for Part Shown in Fig. 6. 


The locations of 10 tensile test specimens are indicated on the out- 
line and the properties obtained from these specimens are shown 
in the table below the sketch. In this forging it was possible to 
obtain transverse bars in two directions at right angles to each 
other as well as to the longitudinal bars. It will be noted that the 
tensile strength and yield strength are about the same in all direc- 
tions. However, there are large variations in the elongation. This 
is particularly noticeable in bars 7 and 8 which are perpendicular 
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os. 





——.-— — Tensile Properties — ——____,, 


Test Bar 7... 7, & Per Cent 

No. Psi. Psi. Elongation B.H.N. 
1 68,100 . 60,200 11.5 136 
2 70,000 62,000 11.0 130 
3 70,600 62,700 12.0 136 
4 69,600 61,500 12.0 143 
5 70,600 62,400 10.0 136 
6 67,900 60,900 8.5 130 
7 65,900 61,700 2.5 143 
8 65,000 60,800 2.5 143 
9 68,600 61,300 6.5 143 
10 68,300 61,000 9.0 143 


Fig. 10—Outline of 55-Pound Structural Fitting (14S-T Alloy) Showing Location 
of Test Bars. Tabulation Gives Tensile Properties of Test Bars from Indicated Loca- 
tions. 








Fig. 11—Method of Designing a Rib of Varying Height so that the Die Impression 
Can Be Produced with a Single Cutter. 


to the parting line of the forging and in a very heavy section. 
Here the elongation drops off to 25 per cent of that specified for 
the alloy on a longitudinal test bar. This condition exists in many 
forgings and is not at all alarming since it does not affect the 
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serviceability of the part, the maximum properties having been 
provided where they are required. 

With the general outline of the finished forging determined 
and the sequence of operations established, there are certain rules 
that should be followed in the design of the forged part. Draft 
angles, fillets, edge radii, web thickness and general tolerances 
should be made as large as possible. At the same time the forging 


Fig. 12—Demonstration of Formation of a Cold Shut 
Due to  hneuihalad Radii in Forging Die. 


should be well proportioned and a straight parting line used when- 
ever practical. Adherence to these rules will improve the metal 
flow, reduce the number of operations and increase the die life. 

To facilitate the removal of the forging from the finishing 
die impression, a slight taper or draft is required on the side of 
the cavity for most types of forging. When indicating this draft 
on a forged part, consideration should be given to the require- 
ments of the die sinker. Every angle on the forging must be re- 
produced in the steel die and, therefore, changing cutters too often 
for various draft angles or radii should be avoided. This. is illus- 
trated by the simple type of forging shown in Fig. 11. Here is a 
rib of varying height that will be finish-machined to uniform 
thickness. The draft angle, fillet radius and edge radius are kept 
constant along the entire rib so that it can be sunk in the die with- 
out changing the cutter. This results in a rib of varying thickness 
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but no machining difficulties are introduced and die cost is mate- 
rially decreased. 

When ribs or bosses are opposite each other in the two halves 
of the die and they are not of the same height, the deeper impres- 
sion is then increased so that the two sides match at the parting 
line. This is desirable so that a good trimming line can be ob- 
tained on the forging. 

Many forgings can be placed in the die so that the shape of 
the part produces natural draft and no additional finish is added. 


Fig. 13—Forging with Sharp External Radius. 





This should be done whenever it is consistent with good forging 
practice, since machining on the finished part can be eliminated in 
this way. 

The number of forging operations necessary to convert stock 
to the final shape of the forging depends entirely on the design 
of the forged part. One of the most important rules to follow 
in designing’ forgings is that even though abrupt changes in sec- 
tion cannot be avoided, generous radii and fillets should always 
be provided. Large radii assist in the flow of aluminum in its 
plastic state and prevent the formation of laps, folds and other 
defects in the finished forging. 

Statements have been made that small folds occurring in steel 
at high forging temperatures may weld together and disappear. 
In the case of aluminum alloys, there is always a transparent oxide 
film on the surface of the metal and, therefore, no welding of the 
surfaces within a fold is possible. Also there is no scaling of the 
surface, and the elimination of small surface defects into the scale is 
impossible. 

A natural question for the designer to ask is, “What harm 
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can be done to a forging by the use of small radii if they are 
desirable in the finished part?” The series of sketches in Fig. 12 
demonstrates the formation of a fold or cold shut in a projection 
on a forging because of insufficient radii. Because of the sharp 
corner, the metal does not flow along the inside of the projection, 
but shoots across to the outer wall and then pivots around and 
flows back on itself creating a defect. 

Sharp radii on the outside of the forging, and particularly 
in the bottom die, have quite a different effect, but one which is 
equally undesirable. Fig. 13 shows a forging that has caused a 


y 








| 
Fig. 14—Demonstration of Metal Flow Produced by Right and Wrong Radii at 
Base ot Rib. 


great deal of difficulty. The design looks simple enough, but its 
effect on the dies is quite disastrous. | Note the “whiskers’’ and 
rough spots along the edge of the piece. 

The die was badly checked and cracked all along the bottom 
corner of the impression. This condition developed after relatively 
short use of the die and means, of course, that a new die must be 
made before additional parts can be produced. The action on the 
die in this case may be partly due to the explosion of die lubricating 
oil trapped in the recess, but the principal cause of failure is the 
wedging action of the metal being forged. Every blow of the ham- 
mer drives the metal against the die and exerts a force which tends 
to split the die apart. The sharper the radius, the more concentrated 
and severe that force becomes and the sooner failure of the die block 
takes place. If the design will permit it, ribs and flanges should 
have full radii for longer die life and ease of filling. Where this is not 
possible and relatively sharp corners must be obtained, it is necessary 
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to work out some combination of operations so that the radii are re- 
duced without too much strain on the die block. This always entails 
additional impressions and increased die expense. 

The two sketches in Fig. 14 present still another answer to the 
question of small radii. This condition is particularly apt to occur 
when there are ribs on that portion of the forging next to the flash, 


Table III 
Shrinkage Tolerances for Aluminum Forgings 


Length or Width 





Shrinkage Tolerance———-———— 


Inches Inch 
Plus Minus 
1 0.004 0.002 
2 0.008 0.004 
3 0.012 0.006 
4 0.016 0.008 
5 0.020 0.010 
6 0.024 0.012 
For each Additional Inch Add 0.004 0.002 
For Example 
18 0.072 0.036 
36 0.144 0.072 
48 0.192 0.096 


60 0.240 0.120 


especially in the live die. These ribs will fill before the forging is 
brought down to size and there is still a certain amount of metal 
which must be caused to flow past the rib and out into the flash. This 
metal, of course, moves very rapidly with each blow of the hammer. 
With a sharp radius the moving metal cannot change direction 
quickly enough to follow the surface of the forging, but continues 
to flow straight through the rib and comes out on the other side, thus 
shearing the rib away from the main body of the forging. This type 
of defect is aptly known as a “flow through’. When the radius is 
increased as shown on the view to the right, the metal has sufficient 
time to follow the contour of the forging and no defect is produced. 

Shrinkage, which results from the cooling of the metal after 
forging, causes a dimensional contraction of the forging in all direc- 
tions. The coefficient of expansion of the various aluminum forging 
alloys ranges between 0.000011 and 0.000015 inches per inch per 
degree Fahr. The shrinkage dimensions for the average aluminum 
forging will come within the plus and minus tolerances given in 
Table III. However, in special cases the forging will come out of 
the dies predominantly long. This occurs when the design calls for 
long forged parts with projections or heavy sections on either end 
and comparatively thin sections connecting them. During forging, 
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the lighter middle sections will cool faster, but cannot shriuk because 
the heavy end sections are locked in the die. The forging then comes 
out of the die at a relatively low temperature and little shrinkage 
takes place. This type of forging is well illustrated by the large 
wing support shown in Fig. 15. This intricate forging could be pro- 
duced satisfactorily, but its use was discontinued because of machining 





Fig. 15—Large Wing Support Forging. 14S-T Alloy. 


and other difficulties. It is advisable to make the projections at one 
point on such a forging with standard finish allowances and then add 
increasing amounts of finish to the heavy sections as they occur far- 
ther away from that point. Machining layout then should be made 
from the same point. In this way irregularities in shrinkage are 
compensated for and there is always sufficient metal provided for 
machine finishing. 

Pockets and recesses in forged parts are formed by correspond- 
ing raised sections in the dies. Therefore, pockets should not be too 
deep and recesses should be as simple as possible in shape. It is 
recommended that generous fillet radii be provided at the bottom of 
all pockets and recesses and that the depth of a pocket should not 
exceed two-thirds of its diameter. 

Punch-outs are frequently introduced in hubs and bosses to 
facilitate the machining and boring of holes. Holes may also be 
punched in webs and flanges for the purpose of lightening the part 
or for clearance with some adjacent part. Holes in hubs and bosses 
are preformed during forging by the introduction of a depression 
in each side of the part with a web not less than % inch thick left 
in the forging. This web is punched out taking care that the hole 
should be no larger than the tangent points of the fillet radii. Holes 
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in webs and flanges are also preformed during forging and can be 
punched out during the trimming operation. Usually such depres- 
sions are flashed and guttered in order to allow excess metal to 
escape. 

' Another factor should be mentioned in conjunction with the dis- 
cussion of forging design because it also has a real effect on die life, 





Fig. 16—Representative Group of Miscellaneous Forged Airframe Fittings. 


forging quality and forging cost. This factor is the lubrication of 
the forging dies. This problem is more or less unique to the pro- 
duction of aluminum and magnesium forgings since little or no lubri- 
cation is necessary during the forging of other metals. 

Probably the most important factor in effective die lubrication 
is the method of application regardless of the type of lubricant em- 
ployed. Wherever possible, spray guns should be used to apply the 
lubricant to the dies. This permits more uniform distribution than 
either swabs or brushes. It also means that lighter lubricants can 
be used on all types of forgings, thus reducing the smoke nuisance. 
Further improvement can be obtained by education of the operators 
to a more judicious use of the lubricants. 

Smooth, polished die impressions are essential to the proper 








178 TRANSACTIONS OF THE A. S. M. Vol. 35 


performance of any lubricant. Where machining marks are still 
visible, there is a marked tendency for aluminum pick-up on the die. 
Hot forging lubricants are merely protective films separating alumi- 
num and steel, and irregularities on the surface of the die will tend 
to break this film down and permit the aluminum part to gall against 
the steel. 

The use of vents in closed dies and closed portions of dies 
should be given serious attention. Such vents permit the escape of 
trapped gases resulting from explosion and burning of lubricants 
and prolong materially the life of the dies. 

Forgings made from the correct materials with good design 
and produced in the right way on the proper type of forging equip- 
ment represent the highest form of development of the metal work- 
ing art. In other words, a forging, in most applications, can accom- 
plish the desired results with less metal than any other type of fabri- 
cated metal product. The use of a forging, then, depends upon the 
value to the user that he can secure by the incorporation of forged 
parts in his product. In many places a forging may actually be the 
cheapest product that can be employed, especially in large scale 
production, because on modern machinery forgings can be produced 
so rapidly with small dimensional variations, smooth surfaces and 
resultant savings in finishing time. In cases where forgings are ac- 
tually more expensive on the basis of total cost in the finished assem- 
bly, they may still be desirable, or even necessary, in view of the uni- 
formly high quality of the product. 

The aircraft industry has been the backbone of the aluminum 
forging business for years and probably will continue to be the big- 
gest consumer for forgings for some time to come. In this field the 
trend toward large complicated forgings will probably continue, as 
it should. Several years ago it was general practice for aircraft de- 
signers to specify small forged fittings which were joined by other 
types of structural material. Then someone put a group of fittings 
together and redesigned that group so that a single larger forging 
could be used in its place. This resulted in higher material cost, but 
lower over-all construction cost because of the elimination of costly 
assembly labor. Representative airframe fittings in a wide range of 
sizes may be seen in Fig. 16. Redesigning has resulted in a steady 
increase in the size of forgings until an entire wing support such as 
that shown in Fig. 15 has been produced as a single forging. These 
changes in the physical dimensions of forged aircraft structural parts 
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have been made possible only by the use of large forging equipment 
described in the early part of this paper. With the release of this 
equipment from war production demands further development of 
new large airframe structural parts and parts for other application is 
expected. 

Of course, in airplane power plants aluminum forgings have 
such an outstanding record that their continued use is certain. This 
use should increase with wider application of the forged cylinder 
head. With the mechanized setup for the production of this part that 
is in use today, it will undoubtedly prove more economical than the 
cast head in addition to the fact that it appears to be a more efficient 
head in service. | 

Demands for war production have increased the capacity of the 
aluminum forging industry to such an extent that a large part of this 
capacity will be available for uses other than aircraft in the post-war 
period. Parts that are used continuously and in considerable volume 
are ideal. Naturally other branches of the transportation industry 
present the most likely field for development. Such items as rail- 
way journal bearings, truck and bus wheels and automotive axle 
housings are now under consideration. There is the possibility of 
producing complicated or large parts such as railway car truck frames 
and pistons for large Diesel engines. Certainly there are many other 
applications that have not been mentioned here, so that aluminum 
alloy forgings will have a very intriguing future. 

(Some of the alloy compositions and forging practices described 
above are covered by United States patents owned by Aluminum 
Company of America.) 


DISCUSSION 


Written Discussion: By A. L. Rustay, assistant chief metallurgist, 
Wyman-Gordon Co., Worcester, Mass. 

Under the heading “Standard Forging Alloys” some consideration has 
been given to the corrosion resistance of the alloys as one factor in deter- 
mining their use in aircraft forgings. Inasmuch as German aircraft use con- 
siderable magnesium, which is much more reactive than aluminum, it is doubt- 
ful whether the difference between the aluminum alloys with regard to resistance 
to corrosion warrants any consideration as a factor in determining the choice 
of a forging alloy. 

On pages 159 and 160 the drop hammer test is described. Quantitative data 
obtained from these tests would help remedy the situation mentioned earlier 
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in the paper about the dearth of information available in technical literature 
regarding aluminum forging developments. 

Full power, full stroke hydraulic presses, we agree, are certainly desirable, 
and our experience with them bears out the writer’s enthusiasm for this type 
of equipment. 

Again we agree with the writer that proper die design is a necessity in 
obtaining satisfactory grain flow. The nature of the metal flow in aluminum, 
which is distinctly different in some respects from the way steel behaves, seems 
to make it more susceptible than steel to certain types of surface laps as well 
as interior defects due to a sort of “extrusion pipe”. 

Fig. 6 shows an interesting structural fitting. It would be of additional 
interest if a grain flow of the part were shown in view of the unusual forging 
die design used to make the part. 

Fig. 10 emphasizes the directional properties obtained in aluminum forg- 
ings. It is a good illustration of the fact that separately forged test bars are 
of little value to the designer or user of forgings in determining whether or 
not the parts have adequate properties. As the forging becomes increasingly 
large or complex, then the conditions under which the test bars and the forg- 
ings are made become increasingly divergent. If it is considered desirable 
to include test bars of some sort as a check on the heat treating practice, it 
seems more reasonable to use rolled or extruded bar, although again, tests on 
these separate coupons seem to be a poor substitute for careful checking of 
furnace temperature controls and adequate testing of the heat treated forgings 
themselves. 

It has been our experience that small laps in steel forgings can weld up in 
the forging operation, but the associated decarburization which may extend far 
below the finish line of the forging never disappears. This decarburization of 
course is not as serious a defect as an actual lap, but steps are always taken 
to correct the dies to eliminate this condition because it is a potential source of 
fatigue failure. 

In the discussion of advantages of large radii, top of page 174, it might be 
noted that in addition to the advantages listed, the larger radii tend to mini- 
mize stress concentration which is certainly a factor of prime importance to the 
designer. 

Written Discussion: By H. F. Walker, metallurgist, Chevrolet-Muncie 
Division of General Motors Corp., Muncie, Ind. 

The author is to be congratulated for a very interesting and concise paper 
on Aluminum Alloy Forging. In my opinion, this paper has been so amply 
handled that little discussion is warranted. 

A large part of the text is given to die design and too much emphasis can- 
not be placed on this phase of the operation. Experience has taught many times 
over, that success or failure in producing a good forging is largely dependent 
on forging and/or die design. 

One question, prominent in our mind, we would like to ask Mr. Davis— 
in considering the superior corrosion resistance properties of 17S-T and 14S-W 
as against 14S-T, is this attributed to lack of precipitation in the case of 17S-T, 
precipitation in critical areas and size, or some other factor? 
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Written Discussion: By C. M. Campbell, metallurgist, Chevrolet-Trans- 
mission Division of General Motors Corp., Saginaw, Mich. 

In Mr. Davis’ excellent paper there is no opportunity for criticism; how- 
ever, several questions arise as to what forging temperatures to use for the 
various alloys and when to use them. 

When forging ingots or material cut from ingots a lower temperature must 
be used due to condition of cast structure. However, if rolled stock is being 
forged, a higher temperature can be used. 

Regular practice on 14S ingots forged under a 3000-ton press is to use a 
temperature of 750 degrees Fahr. (400 degrees Cent.). If the forging is to be 
forged further under a hammer a temperature of 800 to 840 degrees Fahr. (425 
to 450 degrees Cent.) can be used depending on the differential between the 
rough and finished size or spread to.be obtained. 

The author mentions that the optimum forging temperature of 18S is a 
little above 800 degrees Fahr. (425 degrees Cent.). However, we have forged 
thousands of pistons from 18S rolled from bar stock using a temperature of 
880 degrees Fahr. (470 degrees Cent.). Bar stock size is 3.5 inches in diameter 
and finished forging 5.25 inches in diameter. However, if a more intricate 
forging were being made and the spread were increased it would be necessary 
to use a lower temperature. 

The zinc magnesium alloys are hard to forge, forging temperatures are 
lower than on the other alloys and splits and ruptures are more prevalent. 
Die breakage and equipment repairs are excessive and unless the higher phys- 
icals are absolutely essential one of the other alloys should be used. 

In most cases there is a fairly wide spread between the minimum and 
maximum temperatures that can be used. The highest forging temperature 
that can be used without danger of rupturing the material will save dies, 
equipment and give a more uniform quality forging. 


Oral Discussion 


S. A. Gorpon :* Mr. Davis mentioned very lightly the elongation on large 
forgings. An occasion arose for us to secure several large forgings at one time, 
and we had noted through a series of tests that the cross-grain elongations varied 
from about 1.5 per cent to 0.0 per cent and the with-grain elongations varied any- 
where from 6.0 to 3.0 per cent. Mr. Davis mentioned that these values (though 
he did not quote them, I assume that he had them in mind) were not alarming. I 
would like to have Mr. Davis elucidate to some extent as to what is and is not 
alarming on elongations of large forgings. If they are not alarming we would 
certainly be encouraged. If they are, what sort of tests would be suggested to 
check their integrity in airplane structures? 

T. L. Frirzien :* Several years ago there was considerable difficulty with 
blisters on forgings throughout the country, and it was my experience to have 
been called in on a problem due to the fact that we supplied stock. Quite a few 
of the blisters were definitely attributed at the time to the stock and heat treat- 
ment but there is one question which I would like to ask Mr. Davis his opinion 


1Chief test engineer, Glenn L. Martin Co., Baltimore. 
*Chief research metallurgist, Reynolds Metals Co., Glen Cove, N. Y. 
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on, and that is whether or not the die for forging can be designed in such a man- 
ner that the metal, instead of flowing, will shear internally to cause blisters upon 
subsequent heat treatment. 


Author’s Reply 


Mr. Rustay has presented some very interesting points in his discussion, par- 
ticularly in his references to the use of magnesium in German-aircraft forgings. 
However, I do not believe that the employment of magnesium for this purpose 
necessarily means that we should disregard the resistance to corrosion of vari- 
ous aluminum alloys in selecting the proper material for various applications. In 
general, for aircraft forgings that alloy providing the highest strength to weight 
ratio will be employed. However, there have been some applications in the past, 
particularly where pressed-in bushings are employed, in which it was necessary 
to select material with the maximum resistance to corrosion. ‘There are other 
fields for the application of forgings apart from aircraft where these differences 
in resistance to corrosion are of major importance. This applies especially to the 
dairy industry, the brewing industry, and the rayon and textile fields in which 
we should see many post-war applications of aluminum forgings. 

I agree with Mr. Rustay that quantitative data from the drop hammer test 
would have been a very helpful part of this paper, but unfortunately under pres- 
ent conditions it did not appear advisable to release this quantitative information 
for publication at this time. 

I must differ with Mr. Rustay in his conclusions drawn from the tensile 
properties obtained in different locations in the forging shown in Fig. 10. The 
results obtained on this forging demonstrate the fact that we cannot rely upon a 
test specimen cut at random from a forging as an indication of the compliance of 
such forgings with existing specifications. The variation in properties, particu- 
larly elongation, within a single forging is much greater than the variation that 
would be expected from one forging to another and, therefore, we are brought 
to rely upon separately forged test specimens as a more reliable indication of the 
effectiveness of heat treating practice. If, in some special cases, tests from the 
forgings themselves are desired, these results indicate the necessity of determin- 
ing a specific location from which the test bars shall be taken, and the establish- 
ment of an individual specification for this part indicating the properties that 
should be obtained from such a test. 

I appreciate Mr. Campbell’s remarks, and he has added some information on 
forging temperatures that is interesting and valuable. His remarks emphasized 
the relationship between forging equipment, die design, and forging temperatures. 
As he has indicated, the maximum forging temperature for any alloy appears to 
be related to the rate of movement of the metal during forging as well as the 
type of blow that produces the metal movement. This is a field that has not been 
covered as thoroughly as it should be, and further work along these lines should 
increase the possibilities for forging the various aluminum alloys. 

In answering Mr. Walker’s question, I would like to point out that it is not 
generally true that 17S-T and 14S-W have corrosion resistance properties su- 
perior to 14S-T. Under certain conditions some one of these alloys may be su- 
perior to the other two, while under other conditions, another alloy will be 
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slightly better. However, for all practical purposes we can consider that the re- 
sistance to corrosion of ali three of these materials is essentially equal and that 
with the proper heat treatment, all of them will possess very good corrosion re- 
sistance. 

In response to Mr. Gordon’s question in regard to elongation, I think the 
evidence of the effect of these reduced elongations is found in the serviceability 
of the forgings containing them. For instance, in the forging that was shown 
in Fig. 10 you will notice that the bars vertical to the parting line in the upper 
right hand corner, numbered 7 and 8, each show elongations of 2.5 per cent. Yet 
this forging is performing very satisfactorily in one of our larger bombers and 
has been in use for several years. 

Referring to blisters mentioned by Mr. Fritzlen, there are, of course, many 
causes for blisters of which the quality of the forging stock is one. Dies can be 
improperly designed and the forgirig can be worked in such a way that it is 
sheared internally. Such a condition, however, is much more apt to occur from 
improper lubrication of the forging die while the forgings are being made, caus- 
ing the outer surface of the metal to adhere to the die surface, while the inner 
portion of the metal flows past, shearing a thin film of metal on the exterior of 
the forging and permitting the entrance of air which during heat treatment 
causes blisters. Other factors are also important in analyzing the cause of blis- 
ters on forgings. There are too many of these factors to go into detail regarding 
them at this time. 
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THE PROPERTIES OF ALUMINUM ALLOYS MELTED IN 
AN INDUCTION HEATED CRUCIBLE FURNACE 


By James W. PoyNTER 


Abstract 


Physical properties of cast and heat treated test bars 
of aluminum alloys conforming to Specifications AN-QQ- 
A-390 (Alcoa 195), AN-QQ-A-376 (Alcoa 355), and 
AN-QQ-A-394 (Alcoa 356), were determined. The metal 
from which these bars were cast was melted in a clay 
graphite crucible heated by induced high frequency elec- 
tric currents. No fluxing treatment was used. The prop- 
erties obtained were in excess of the minimum values 
required by the specifications. These properties and the 
compositions of the alloys were substantially unchanged 
by remelting and recasting for as many as seven times. 
These results were compared with the results obtained on 
test bars produced in routine foundry practice, which in- 
cluded fluxing with chlorine gas. No significant differ- 
ence was found in the physical properties, soundness, or 
microscopic structure. In an emergency such as a short- 
age of chlorine gas, castings of good quality and strength 
could be produced in induction furnaces. 


OLTEN aluminum reacts with water vapor to form aluminum 

oxide and hydrogen gas. The aluminum oxide formed by 

this reaction is an inactive compound. Since aluminum and its alloys 
in the liquid state will absorb large quantities of hydrogen,’ this 
hydrogen is dissolved. Upon solidification most of this gas is liber- 
ated, producing gas cavities of various sizes which Sachs and Van 
Horn? state “represent one of the most frequent defects in castings”. 
The water vapor for this reaction may be present in the atmosphere 


in the room, in the products of combustion in fuel-fired furnaces, or 
as water absorbed on the solid metal. 


iL. L. Bircumshaw, “The Solubility of Hydrogen in Molten Aluminum”, Transactions, 
Faraday Society, Vol. 31, 1935, p. 1439-1443. 


°G. Sachs and K. R. Van Horn, “Practical Metallurgy”, published by the American 
Society for Metals, 1941, p. 190. 


A paper presented before the Twenty-sixth Annual Convention of the So- 
ciety held in Cleveland, October 16 to 20, 1944. The author, James W. Poynter, 
is connected with the Materials Laboratory, Army Air Forces, Materiel Com- 
mand, Wright Field, Dayton, Ohio. Manuscript received May 24, 1944. 
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With a closed crucible and electric power as a source of heat, no 
water vapor from the products of combustion would be present and 
the water vapor from the atmosphere and absorbed on the solid metal 
could be minimized. Under these conditions, it would be expected 
that satisfactory physical properties of aluminum alloy castings could 
be obtained without the use of any of the fluxing methods generally 
used to remove hydrogen. | 

In this investigation, the physical properties of aluminum casting 
alloys melted in a crucible furnace heated by induced high frequency 
electric currents were determined and compared with the properties 
of the same alloys melted in gas-fired crucible furnaces. 


EXPERIMENTAL METHOD 

























Three casting alloys, Specification AN-QQ-A-390 (Alcoa 195), 
Specification AN-QQ-A-376 (Alcoa 355), and Specification AN- 
QQ-A-394 (Alcoa 356), were selected. Three hundred and fifty- 
pound batches of these alloys were made, using aluminum ingot and 
the appropriate intermediate alloys. This charge was melted in a 
gas-fired crucible furnace and was cast into pigs, using iron molds. 

For the first induction melt of an alloy, 35 pounds of these pigs 
were weighed out for the charge. As much of the charge as possible 
was placed in the clay graphite crucible and the power turned on. 
As the melting of the metal made space available, the rest of the 
charge was added to the crucible. The completely molten metal was 
then transferred to a preheated crucible held in a hand shank and 2 
TBG molds (Fig. 11-B, Specification QQ-M-151) poured at 1250 de- 
grees Fahr. (675 degrees Cent.). 

The remainder of the metal was re-pigged. The subsequent 
melts were made using the gates, risers and pigs from the previous 
melts. The melting crucible was kept covered as much of the time 
as possible. The portion of the charge which could not be placed in 
the crucible at the beginning of a melt was laid on the cover so that 
it would be dry and preheated before placing in the crucible. 

A special technique was developed to control the pouring tem- 
perature. Approximately 4.5 pounds of metal (usually two gates) 
were kept back when the rest of the metal was charged. When no 
more solid metal was visible in the crucible, this 4.5 pounds of metal, 
which had been preheated on the top of the furnace, was added and 
the power supply shut off after 2 minutes. The heat stored in the 
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crucible, insulation, etc., was usually sufficient to bring the metal up 
to the desired pouring temperature. An immersion type thermo- 
couple was used to measure the actual temperatures, both in the fur- 
nace and in the pouring crucible. 

Since the clay graphite crucible used was a conductor of electric- 
ity, the molten metal was not appreciably stirred by the action of 
the high frequency current. As a tendency for metal in the mushy 
state to collect at the bottom of the crucible was noted, the metal was 
stirred thoroughly with a graphite rod a few minutes before pour- 
ing. The test bars were solution heat treated, cold-water-quenched, 


and aged in accordance with Specification AN-QQ-H-186. 
RESULTS 


The physical properties obtained on these test bars appreciably 
exceeded the specified minimum in all cases except that the elonga- 
tion obtained on the 355 alloy test bars was only slightly higher than 
the specified value (Tables I, II and III.) 

The physical properties were not appreciably changed by remelt- 
ing for as many as seven times (Tables I, II and III.) The average 
of the results obtained on the test bars from all seven melts was 
therefore taken as representative of the properties obtained. Except 
for a slight iron pickup, the composition of the alloys was unchanged 
by the repeated melting operations. 

The power consumption was 30 KVA (the rated capacity of 
the converter) when the line voltage was 215. Drops in the line 
voltage caused definite decreases in the power consumption. While 
variations in the weight of the charge did not affect the power input, 
the smaller charges were naturally melted down more rapidly than 
the larger ones. The melting time varied from about 35 minutes for 
an 18-pound charge to 70 minutes for a 35-pound charge. 

In routine Wright Field foundry operation, a 350-pound melt of 
an alloy composition was cast into ingots. Some of these ingots were 
then remelted in a small gas-fired crucible furnace fluxed with chlorine 
gas and cast. As a control, one or two molds of test bars were.cast and 
heat treated with each lot of castings. To better evaluate the effect of 
the induction melting on the physical properties of the metal, the re- 
sults obtained on the test bars cast from the metal melted in the induc- 
tion furnace were compared with the results obtained on the control 
test bars cast in routine production. Since all the test bar molds were 
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Table I 
Effect of Remelting on the Physical Properties of 195 Aluminum Alloy Test Bars 




















Yield Tensile Elongation 

Strength Strength % in 2 Brinell 
Remelt psi. psi. inches Hardness 
First 31,500 45,600 6.5 89 
Second 29,600 43,800 6.0 91 
Third 31,000 44,800 6.0 93 
Fourth 29,600 42,600 6.0 84 
Fifth 28,100 41,100 72 84 
Sixth 30,700 41,700 4.5 88 
Seventh 31,800 42,800 4.5 84 
Specification AN-QQ-A-390 

(minimum) 20,000 32,000 3.0 
Table Il 


Effect of Remelting on the Physical Properties of 355 Aluminum Alloy Test Bars 


Yield Tensile Elongation 








Strength Strength % in 2 Brinell 
Remelt psi. psi. inches Hardness 
First 33,800 40,100 2.5 97 
Second 34,400 40,600 2.0 100 
Third 34,000 39,900 2.0 100 
Fourth 33,800 40,000 2.0 99 
Fifth 34,600 40.700 2.5 100 
Sixth 33,700 39,500 2.0 98 
Seventh 33,800 40,000 2.0 97 
Specification AN-OQ-A-376 
(minimum) 20,000 32,000 2.0 
Table Ill 


Effect of Remelting on the Physical Properties of 356 Aluminum Alloy 





Yield Tensile Elongation 


Strength Strength % in 2 Brinell 

Remelt psi. psi. inches Hardness 
First 21,700 34,100 6.5 5 
Second 21,700 33,300 5.3 73 
Third 21,600 33,900 6.0 74 
Fourth 21,400 32,800 5.5 73 
Fifth 21,500 33,500 6.5 74 
Sixth 22,000 34,000 7.0 74 
Seventh 22,000 33,200 6.0 73 
Specification AN-QQ-A-394 a 


(minimum) 20,000 30,000 


made by the same foundry crew, using the same patterns, gating and 
sand, any variation in the properties could be attributed to differences 
in the melting practice or in the heat treatment. In making this com- 
parison, two sets of results were taken from the foundry records for 
each alloy. One set was the result of all the tension tests made on 
control bars which had been cast from the 350-pound melt of metal 
from which the ingots for the induction furnace melt were taken. 
The other set was the result of all the tension tests made on control 
test bars from another recent 350-pound melt of the same alloy. 
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Table IV 
Chemical Composition of Melts Used for Comparison of Mechanical Properties 
Gas Gas 
Furnace Induction Routine Routine Specification 
Production Experimental Foundry Foundry Requirements 
Specification AN-QQ-A-390 (195) Alley 
Melt No. 7706 7391 7054 
Copper 4.40 4.40 3.79 4.0—5.0 
Silicon 0.75 0.75 0.65 1.5 maximum 
Iron _ 0.45 0.45 0.25 1.0 maximum 
Titanium 0.18 0.18 0.19 0.2 maximum 
Specification AN-QQ-A-376 (355) Alloy 
Melt No. 7788 7748 7608 
Silicon 5.19 5.19 4.53 4.5—5.5 
Copper 1.42 1.42 1.17 1.0—1.5 
Magnesium 0.56 0.56 0.51 0.4—0.6 
Iron 0.50 0.50 0.43 0.5 maximum 
Titanium 0.16 0.16 0.16 0.2 maximum 
Specification AN-QQ-A-394 (356) Alloy 
Melt No: 7730 7374 6316 
Silicon 6.67 6.67 7.06 6.5—7.5 
Magnesium 0.37 0.37 0.35 0.2—0.4 
Iron 0.43 0.43 0.29 0.6 
Copper 0.03 0.03 0.10 0.2 
Titanium 0.19 0.19 0.18 0.2 


Note: All analyses made on drillings taken from three ingots and mixed. 





The melt numbers and the composition of the melts, as determined 
on the cast ingot, are listed in Table IV. 

The comparison of the physical properties of the induction 
furnace melted 195 alloy (Melt 7706) test bars with those of the 
gas-fired furnace melted control bars (Melts 7054 and 7391), shawed 
that the yield strength of Melt 7706 was higher, the elongation lower 
and the tensile strength approximately the same (Table V and Fig. 
1.) These differences are not considered significant in regard to 
melting practice, since the Melt 7706 test bars had been aged for a 
longer time than many of the bars from Melts 7054 and 7391. A\l- 
though both aging treatments were in conformance with Specifica- 
tion AN-QQ-H-186, the longer time aging used for Melt 7706 would 
produce a higher yield strength with a corresponding decrease in the 
elongation. All of the values were appreciably in excess of the mini- 
mum specified in Specification AN-QQ-A-390. 

The average yield and tensile strength values found for the in- 
duction furnace melted 355 alloy test bars (Melt 7788) were higher 
than the averages for the control test bars (Melts 7608 and 7748) 
melted in the gas-fired furnace (Table VI and Fig. 1.) Although 
the maximum values for the yield and tensile strengths were about 
the same for all three melts, the minimum values for Melts 7608 and 
7748 were considerably lower than the minimums for Melt 7788. 
The observed differences in the average ductility were considered to 
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Fig. 1—Comparison of Ranges of Physical Properties 
Obtained on Aluminum Alloys Melted in Ele¢tric and in 
Gas Furnaces. 


Table V 
Comparison of Mechanical Properties Obtained on 195 Alloy 
Test Bars Cast From Metal Melted in Gas and Electric Furnaces 


No. of Yield Tensile Elongation, 
Values in Strength Strength % in 2 Brinell 
; Average psi. psi. inches Hardness 
Induction Melt 7706 20 
Maximum 32,800 45,900 7.5 93 
Minimum 27,200 39,100 4.0 83 
Average 30,100 43,300 5.5 88 
Gas Melt 7391 21 
Maximum 28,300 44,700 11.5 85 
Minimum 21,300 39,400 7.0 78 
Average 26,760 42,400 7.9 81 
Gas Melt 7054 30 
Maximum 28,000 46,400 11.0 87 
Minimum 24,900 41,000 6.0 79 
Average 26,500 43,700 9.0 84 
Specification 20,000 32,000 3.0 ve 
min. 


AN-QQ-A.-390 min. min. 


| 


be due, at least in part, to the error inherent in measuring small 


elongations. All values met or exceeded the requirements of Speci- 
fication AN-QQ-A-376. 








} 
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Table VI 
Comparison of Mechanical Properties Obtained on 355 Alloy 
Test Bars Cast From Metal Melted in Gas and Electric Furnaces 

















No. of Yield Tensile Elongation, 
Values in Strength Strength % in 2 Brinell 
; Average psi. psi. inches Hardness 
Electric Melt 7788 21 
Maximum 35,300 41,700 2.5 102 
Minimum 33,100 38,100 2.0 96 
Average 34,000 40,100 2.2 99 
Gas Melt 7748 33 
Maximum 33,200 41,300 4.0 98 
Minimum 24,200 32,800 2.0 83 
Average 28,400 36,900 3.0 90 
Gas Melt 7608 27 
Maximum 35,400 42,600 3.9 95 
Minimum 21,000 33,200 2.5 75 
Average 29,900 38.500 aa 87 
Specification 20,000 32,000 2.0 eh 
AN-QQ-A-376 min. min. min. 
Table Vil 
Comparison of Mechanical Properties Obtained on 356 Alloy 
Test Bars Cast From Metal Melted in Gas and Electric Furnaces 
No. of Yield Tensile Elongation, 
Values in Strength Strength % in 2 Brinell 
Average psi. psi. inches Hardness 
Electric Melt 7730 20 
Maximum 22,500 34,500 7.0 76 
Minimum 21,400 32,600 5.5 72 
Average 21,800 33,600 6.2 74 
Gas Melt 6316 75 
Maximum 33,100 41,700 11.0 98 
Minimum 11,500 24,100 3.0 50 
Average 19,600 30,000 5.1 67 
Gas Melt 7374 22 
Maximum 32,600 38,100 5.0 95 
Minimum 21,600 30,300 1.0 73 
Average 29,000 35,000 2.5 88 
Specification 20,000 30,000 3.0 ; 


AN-QQ-A-394 min. min. min. 





The average properties obtained on Melt 7730 (induction fur- 
nace melted 356 alloy) were appreciably better than the average 
obtained on gas-fired furnace Melt 7374 (Table VII and Fig. 1.) 
However, the maximum individual yield strength value for Melt 
7374 was within 500 psi. of the average tensile of Melt 7730, while 
the minimum individual yield and tensile values were much lower 
than the minimums specified in Specification AN-QQ-A-394. The 
average tensile strength of Melt 7374 just met the specified minimum 
and the average yield strength was slightly less than spectfied value. 
The average tensile value for gas-fired Melt 6316 was higher than 
Melt 7734, the average yield strength was much higher and the aver- 
age elongation lower. These differences were due to the way in which 
the melts responded to the same aging treatment. 
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The 356 alloy, Melt 7374, from which the ingots for induc- 
tion melting were taken, was an “off” heat. By this is meant that, 
while the composition is within the specified limits, the minimum 
physical properties were not always developed by the usual heat treat- 
ment. Some castings of Melt 7374 had to be given a second solution 
treatment at a higher temperature and for a longer time than the 
standard in order to meet the minimum specification requirements. 
The physical properties of other castings from the same melt, as 
judged by results obtained on test bars, were exceptionally high. 
This anomalous behavior was responsible for the very wide range 
over which the test bar results were distributed. The overall aver- 
age, however, barely met the specified minimum. While the average 
properties of the induction furnace Melt 7730 were definitely 
superior to those of the parent Melt 7374, and exceeded the spec- 
ification requirements, the average tensile strength and _ yield 
strength were not as good as those of Melt 6316 (gas-fired furnace). 
Since Melt 7730 showed a higher ductility, this difference was attrib- 
uted to the sluggish response to heat treatment of Melt 7730 and to 
possible differences in the artificial aging treatment. 

The range of values for the physical properties was much less 
for the induction melted 355 and 356 alloys than for the gas furnace 
melted alloys. This better uniformity was attributed to the fact 
that the test bars of the induction melted alloys were heat treated in 
the same furnace charge while the gas furnace melted test bars were 
heat treated in a number of different furnace charges. Little differ- 
ence between the uniformities of the gas and induction furnace melted 
195 alloys was noted. This may be due to the lesser sensitivity of 
the 195 alloy composition to variations in the solution and aging 
treatments. 

Radiographic examination was made of all bars cast from metal 
melted in the induction furnace. A very few of them contained ob- 
vious defects (pieces of refractory, etc.) and were discarded. No 
difference in quality and soundness was detected between the rest 
of these bars and bars cast from metal melted in gas-fired crucible 
furnaces. 

The microscopic structure of these induction furnace melts was 
normal and could not be differentiated from typical gas-fired crucible 
furnace melts. 

A number of processes are used commercially to remove hydro- 
gen from aluminum. Some of these consist in holding the metal for 
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a long period slightly above the melting point; allowing the metal to 
solidify slowly followed by a rapid remelting; flushing an inert gas, 
such as nitrogen, through the liquid metal; flushing gaseous chlorine 
through the liquid metal; or treating the metal with volatile chlorides. 

The test results indicate that such precautions are not necessary 
for metal melted in an induction furnace, provided a clean ingot 
relatively free from hydrogen is used, since adequate physical proper- 
ties and soundness are obtained without these special treatments. 
This would be expected since no products of combustion of a fuel are 
present and since the metal was thoroughly dried before melting. 
It is true that water vapor in the air is present but its deleterious 
effects would be at the minimum since the crucible is covered, thus 
preventing free access of the atmosphere with the attending water 
vapor to the molten metal. 

Of the commercial processes previously mentioned for removing 
dissolved hydrogen gas from molten aluminum alloy, the use of 
chlorine gas is quite prevalent. While adequate amounts of this gas 
are now available, a critical shortage such as occurred earlier in the 
War might make the continued use of chlorine impossible. In such 
an emergency, castings of good quality and strength could be pro- 
duced in induction furnaces. Obviously, furnaces with 40-pound 
capacity could not adequately meet the demand, but induction fur- 
naces are now being built with a melting capacity of 1250 pounds of 
aluminum alloy per hour.* A furnace of this capacity is rated at 250 


KW. 


CONCLUSIONS 


Test bars of 195, 355, and 356 aluminum alloys cast from metal 
melted in a high frequency induction furnace had physical properties 
in excess of the minimum values specified in the ANA Specifications 
AN-QQ-A-390, AN-QQ-A-376, and AN-QQ-A-394, respectively. 

The compositions of the alloys and the physical properties were 
substantially unchanged by repeated remelting and recasting. 

The physical properties, soundness and microscopic structure of 
test bars cast from metal melted in the induction furnace without the 
use of chlorine gas or other fluxing methods were equal to those of 
test bars cast from metal which was melted in a gas-fired furnace 
and treated with chlorine gas. 


®Manuel Tama, “Induction Furnace for Electric Melting of Aluminum’’, Mera 
Procress, Vol. 44, 1943, p. 968B. 
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DISCUSSION 


WALTER Bonsack :* I have read this paper with considerable interest. The 
author certainly did a nice job. It is especially interesting to a smelter to have 
confirmation by investigators that aluminum alloys do not have to deteriorate 
when proper care is taken during repeated remelting. ; 

However, I have a few questions which I would like to have answered. In 
the chart giving the average physical properties the maximum, minimum and 
average are listed for tensile strength, yield strength and elongation. We find 
maximum tensile and yield strength listed with maximum elongation. However, 
to analyze the large variations occurring in the two magnesium-bearing alloys, 
it seems to be of importance to know whether the maximum yield strength was 
always found on test bars having also the maximum elongation and vice versa. 
If this is the case, an explanation is hard to find for the variations in yield 
strength and elongation. If, however, the high yield strength is coupled to 
low elongation and the low yield strength to high elongation, then it is pos- 
sible to account for the variations by varying magnesium content. Magnesi- 
um is lost during remelting and must be compensated for. The loss is not uni- 
form but may vary from melt to melt. This leads to the second question: Has 
the magnesium content of these alloys been adjusted each time and is there 
any connection between the magnesium content variations and the variations 
in physical properties? Losses in sodium and the effectiveness of titanium 
might also cause variations in these silicon alloys. Have these elements been 
considered as a basis for an explanation of the variation? 
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To prevent any misinterpretation of the results given in Tables V, VI and 
VII, it should be pointed out that the values given for the maximum yield 
strength, tensile strength and elongation were not generally obtained on the 
same test bar. 

In reply to Mr. Bonsack’s question, the actual elongation values obtained 
on the 355 and 356 alloy test bars which had maximum and minimum yield 
strength are given in Table VIII. It will be noted that low, but not necessarily 
the minimum, ductility is generally found on bars with the maximum yield 
strength and that high, but not necessarily the maximum, ductility is generally 
obtained on bars with the minimum yield strength. 


‘Director of Laboratories, The National Smelting Co., Cleveland. 
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Analyses of the induction furnace metal before the first melt and after the 
seventh remelt showed no change in either the magnesium or the titanium con- 
tent. 

Since at least 50 per cent of the charge for each routine foundry melt was 
composed of ingot from a lot analyzed for conformance with the specification, 
no attempt was made to adjust the magnesium content. Previous investiga- 
tions have shown that only a slight magnesium loss resulted with the melting 
equipment and foundry practice used in these tests. 


Table VIII 
Ductility of Test Bars Showing Maximum and Minimum Yield Strengths 





355 Alloy 


Melt 7788 Both the maximum (35,300 psi.) and minimum (33,100 psi.) yield strengths 
obtained on bars with 2.5 per cent elongation. 

Melt 7748 Maximum yield strength (33,200 psi.) on bar with 2.5 per cent elongation. 
Minimum yield strength (24,200 psi.) on bar with 3.5 per cent elongation. 

Melt 7608 Maximum yield strength (35,400 psi.) on bar with 2.5 per cent elongation. 
Minimum yield strength (21,000 psi.) on bars with 5.5, 5.5, and 5.0 per 
cent elongation. 


356 Alloy 


Melt 7730 Maximum yield strength (22,500 psi.) on bar with 6.5 per cent elongation. 
Minimum yield (21,400 psi.) on bars with 6.0 and 6.5 per cent elongation. 

Melt 7374 Maximum yield (33,100 psi.) on bar with 4 per cent elongation. Minimum 
yield (11,500 _s on bar with 9 per cent elongation. : 

Melt 6316 Maximum yield strength (32,600 psi.) on bar with 2 per cent elongation. 
Minimum yield strength (21,800 psi.) on bar with 5 per cent elongation. 


In conformance with paragraph F-6a (2) of Specification AN-QQ-A-364 
which requires that the pouring temperature of the control test bars be with- 
in 20 degrees Fahr. of that of the castings they represent, the test bars were 
poured at temperatures ranging between 1250 and 1375 degrees Fahr. (675 and 
745 degrees Cent.). Other tests have demonstrated that increases in the pour- 
ing temperature decrease the physical properties obtained. 

It is believed that the slight variations in the time and temperature of the 
aging treatment and the differences in response to aging as previously dis- 
cussed, together with these differences in pouring temperatures, are the primary 
factor causing the scatter observed in the foundry melts of the 355 and 356 
alloys. 


Sodium was neither added to nor determined in these alloys. 
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MAGNESIUM SHEET 


By P. T. Stroup, G. F. SAGER, AND J. B. WEsT 


Abstract 





A brief discussion is presented on the relation of 
mechanical properties of magnesium sheet to aluminum 
content, zinc content, and cold work. Improved resistance 
to corrosion was shown to result from a decrease in iron 
content. Stress corrosion cracking was overcome by 
means of magclad sheet. The essential procedures for 
forming and joining operations are described. The tn- 
fluence of both the favorable and unfavorable character- 
istics on commercial applications is reviewed. 


INTRODUCTION 


HE recent expansion of magnesium production has prompted 

aircraft manufacturers and others to investigate applications in 
which sheet of this light metal could be used. In this connection, it 
was necessary to increase facilities for producing sheet and to obtain 
much information of a technical nature which would be helpful in 
the design and construction of products. The present paper briefly 
describes the manufacture of magnesium sheet and discusses the 
effect of composition on mechanical properties and resistance to cor- 
rosion. The results of some experimental work on stress corrosion 
cracking are included. Finally some consideration is given to the 
forming and joining characteristics. 


SHEET FABRICATION 


In the manufacture of magnesium alloy sheet, the melting charge 
may comprise metal from several different sources, including virgin 
ingot which is alloyed during the remelting, prealloyed ingot, scrap 
and secondary. An excellent description of melting, alloying, and 


A paper presented before the Twenty-sixth Annual Convention of the So- 
ciety held in Cleveland, October 16 to 20, 1944. Of the authors, P. T. Stroup 
is chief and G. F. Sager is research metallurgist, process metallurgy division, 
Aluminum Research Laboratories, Aluminum Company of America, New Ken- 
sington, Pa., and J. B. West is engineer in the jobbing division of the Aluminum 
Company of America, New Kensington, Pa. Manuscript received July 19, 1944. 
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refining practices has been presented by C. E. Nelson (1). For 
sheet fabrication the magnesium alloys are cast into ingots which 
are either rolled directly or extruded into slab which is then rolled. 
Prior to rolling, the cast ingots or extruded slabs are preheated, and 
then hot-rolled to a thickness depending on the final gage desired 
and on the success of keeping the metal hot enough to continue roll- 
ing. These hot mill slabs are cleaned if necessary by etching and 
mechanical means, annealed and then subjected to alternate stages of 
cold rolling and intermediate annealing to reach the final gage. Since 
the amount of cold rolling which magnesium alloys will permit is 
rather limited, the cold rolling imposed between intermediate anneals 
ranges between 10 and 25 per cent reduction in commercial opera- 
tions. The cold-rolled sheet may then be annealed and is usually 
given a chrome pickle coating before shipping or storage. 

The structure of magnesium sheet differs from that of the more 
commonly known sheet metals—iron, copper and aluminum—by rea- 
son of its hexagonal crystal structure and the ease with which twin- 
ning occurs. In these two latter respects, it is similar to zinc. The 
significance of the crystal structure of magnesium and its relation 
to the behavior on rolling has been considered by Schmid and 
Wassermann (2), Caglioti and Sachs (3), Schiebold and Siebel (4), 
Hanawalt (5), McDonald (6) and Bakarian (7). The deformation 
of magnesium on cold rolling is usually explained by slip along the 
basal plane with consequent rotation of this plane into the surface 
of the sheet. It is considered probable that twinning occurs during 
rolling operations. As the temperature is raised, the mechanism 
changes and translation on the pyramidal planes has been observed 
at temperatures above 250 degrees Cent. (7). 


COMPOSITION AND PROPERTIES 


The published information on the effect of alloying additions 
on magnesium is considerable for cast and extruded forms but rather 
meager for cold-worked material. The most frequent and important 
alloying addition from a standpoint of strength is aluminum. 

A series of cold-rolled sheet with different aluminum contents 
was prepared from small cast ingots by preheating, hot rolling, 
annealing and finally cold rolling 15 per cent to a gage of 0.064 
inch. The tensile properties of these alloys in the transverse direc- 


1The figures appearing in parentheses pertain to the references appended to this paper. 
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Fig. 2—Effect of Aluminum on Tensile Prop- 
erties of Annealed Magnesium Sheet. (2 Hours at 
650 Degrees Fahr.). 


tion in the cold-rolled temper are shown in Fig. 1 and after annealing 
in Fig. 2. The results in Fig. 1 also include alloys containing 0.3 
per cent manganese in addition to the aluminum contents. The addi- 
tion of manganese had little effect on tensile or yield strength which 
increased as straight line functions of the aluminum content. 

In Figs. 3 and 4, these results are compared with previous re- 
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sults reported in the 1923 edition of the Magnesium Handbook pub- 
lished by the American Magnesium Corporation (8), Haughton 
and Prytherch (9), Broniewski, Bernaciak, and Blazewiski (10), 
and McDonald (11). Considering the various methods of fabrica- 
tion of these different investigators it is rather surprising that the 
results are in such good agreement. In Fig. 4 the elongation values 
reported by McDonald were maximum and not average values. 
Another series of sheet was similarly prepared with several 
zinc contents and the tensile properties obtained on transverse speci- 
mens of these alloys in the cold-rolled temper are shown in Fig. 5 
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Fig. 6—Effect of Zinc Content on Tensile 
Properties of Annealed Material. 


and for the annealed temper in Fig. 6. The low value obtained for 
2 per cent zinc in the rolled temper agrees with that reported by 
Haughton and Prytherch, while the tensile strength values are simi- 
lar to those reported by Haughton and Prytherch and by McDonald. 

In addition to aluminum and zinc, McDonald reported on the 
tensile properties of sheet of binary alloys with antimony, bismuth, 
cadmium, calcium, cerium, copper, gallium, lead, nickel, silver, thalli- 
um, thorium and tin. 

There is little interest in pure magnesium as sheet except for 
special purposes but a number of alloy compositions are of interest 
commercially. The most widely used alloy is one containing 1.5 per 
cent manganese, which has outstanding welding characteristics with 
fair forming properties and freedom from stress corrosion cracking. 
The resistance to corrosion of this alloy is affected little by the iron 
content. A modification of this alloy containing 0.5 per cent cerium, 
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in addition to the manganese (Elektron AM537) has been used in 
Europe to give a finer grain with better drawing and working char- 
acteristics as described by Altwicker and Rosenkranz (lla). The 
addition of a few tenths per cent calcium to the 1.5 per cent man- 
ganese alloy has been described by Bulian (12) as resulting in sub- 
stantial grain refinement with consequent increase in yield strength. 
The addition of 0.1 to 0.3 per cent calcium to sheet caused a sub- 
stantial improvement in the cold working characteristics, and had no 
effect on the resistance to corrosion or stress corrosion or welding 
properties of the sheet to which it was added. 


Table I 
Nominal Compositions and Typical Mechanical Properties of Commercial Sheet Alloys 


Tensile Properties 
Peer Oi ee eS 
omposition ae on . 2 5 
7 nn ee ee 
— = 8 Se 223 53 32 @¢ & 
Alloy 2 & § Condition yO wi oO 2 | ac eS & = 
No v & Oo ~~ "—- we -> a E> s&s 
eS eo +o gf fp Wg gg 2 
= a 
pg « See a Ss SY 
ee ee 
AM3S-O soe cece Oh cee 32 17 16 15 19 8 44 E-S4 
AM3S-H -.- 1.5 Hard Rolled 36 27 9 22 20 10.5 52 E-68 
AM-C52S-O 3 1 0.2 Annealed 38 25 18 16 21 54 E-69 
AM-CS52S-H 3 1 0.2 Hard Rolled 46 34 10 33 21 11.5 71 E-86 
AM-CS57S-0O 6.5 1 0.2 Annealed 42 26 10 17 20 12.5 S6 E-73 
AM-CS7S-H 6.5 1 0.2 Hard Rolled 50 35 6 29 Ss” a. SS oe 


Notes: (1) Mechanical properties were obtained on A.S.T.M. specimens. The values given are 
typical values from which variations must be expected in practice. 
(2) Yield strength is the stress corresponding to a 0.2 per cent deviation of the stress- 
strain curve from the modulus line. 
(3) Endurance limits are based on 500 million cycles of completely reversed stress. A 
repeated flexure type of machine with a cantilever-beam specimen was employed for 


the tests. 
(4) The compressive yield strength values are based on very limited data. 


Several sheet alloys containing aluminum by itself or in com- 
bination with zinc have been used with the addition of a few tenths 
per cent manganese to improve the resistance to corrosion. The 
early so-called high strength magnesium alloys contained 4 to 6 per 
cent aluminum with 0.3 per cent manganese and no zinc. The zinc 
was omitted in order to improve the hot rolling characteristics of the 
alloy. As experience was gained in rolling, zinc was included in 
these alloys because of its desirable characteristics in giving an in- 
creased resistance to corrosion and better cold rolling and forming 
characteristics. At present two of these alloys are of interest, one 
of which contains 3 per cent aluminum, 1 per cent zinc, 0.2 per cent 
manganese and the other contains 6.5 per cent aluminum, 0.7 per cent 
zinc, 0.2 per cent manganese. Alloys with still higher aluminum 
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contents are too difficult to fabricate into sheet for commercial pro- 
duction. The compositions and typical properties of the present 
commercial sheet alloys in both the annealed and hard-rolled tempers 
are shown in Table I. The alloy designations are those of the 
American Magnesium Corporation. 
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Fig. 7—Effect of Cold Work on Ten- 
sile Properties of AM3S. 
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Fig. 8—Effect of Cold Work on Ten- 
sile Prcbertion of AM-C52S. 


The strength of magnesium sheet may be increased by cold 
working in addition to the effect from alloying elements. The effect 
of the final cold reduction on the tensile properties of three: com- 
mercial alloys is shown in Figs. 7, 8, and 9 and includes specimens 
taken in both the longitudinal and transverse directions. 

The difference in longitudinal and transverse properties has been 
a subject of considerable discussion. Some aspects of the relation of 
preferred orientation to this behavior have been described by Bakar- 
ian (7). According to Beck (13) the amount of cold rolling which 
can be applied in one direction is limited and varies with the differ- 
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ent alloys. When this limit is exceeded there is a decrease in the 
mechanical properties in the longitudinal direction while an increase 
occurs in the transverse direction. This effect can be alleviated to 
some extent by proper application of cross rolling ; but on a commer- 
cial scale it is difficult to do this with long slabs or strips of sheet. 

This effect was shown by Jones and Powell (14) to be quite 
pronounced on cold rolling of pure magnesium and the 1.5 per cent 
manganese alloy, which showed increases in tensile strength up to 
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Fig. 9—Effect of Cold Work on Ten- 
sile Properties of AM-C57S. 


certain amounts of cold reduction and then decreased in tensile 
strength with further rolling. As the cold working increased, the 
difference between the longitudinal and transverse properties became 
greater. 

Beck (13) states that magnesium sheet is often rolled dry in 
both the hot and cold ranges because of the lack of proper lubricants 
and proper distribution of lubricants. Uneven distribution of lubri- 
cant causes varying rates of metal flow in local areas of the sheet, 
with the result that in places where the working exceeds the limit, 
cracking will occur locally across the direction of rolling. 

These are sometimes called shear cracks and appear in cross 
section as shown in Fig. 10. 


RESISTANCE TO CORROSION 


The resistance to corrosion of magnesium alloys is greatly un- 
der-rated because of the poor behavior of the metal in the early days 
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Fig. 10—Shear Crack Caused by Exceeding the Cold Rolling Limit of AM3S Sheet. 
(X 100. Etched in Acetic Acid-Nickel Nitrate). 


of its use. Since that time the inherent resistance to corrosion of 
magnesium alloys has been greatly improved. Magnesium of very 
high purity is, as a matter of fact, very resistant to corrosion and 
the elimination of objectionable impurities has been a major factor in 
improving the commercial alloys. 

From the corrosion standpoint the most objectionable metallic 
impurities are iron, nickel, cobalt, copper and chromium; the first 
three being particularly bad (13), (15), (16). Hanawalt, Nelson 
and Peloubet (15) made a very detailed study of the effect of cer- 
tain elements on the resistance of magnesium to corrosion in a 3 per 
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cent sodium chloride solution. Their tests were conducted on small 
specimens cut from slowly cooled cast samples but sheet would un- 
doubtedly behave in a generally similar manner. In that investiga- 
tion, it was shown that the corrosion rate increased very greatly 
when the concentration of one of these elements exceeded a “‘toler- 
ance limit” for that particular element. In the absence of other 
elements the tolerance limits for iron, nickel, and copper. were re- 
spectively 0.017, 0.0005 and 0.1 per cent. The intentional alloying 
additions, aluminum, zinc, and manganese, per se had no adverse 


8 










36 Hr Alt imm.in3%_ ff 
Nac! 














Nw 

S 

§ | Pee 
& Poet 

< 60 1 ¢ 

© 7 1mo Int Salt 

£ e/ Spray (372 %NB0) 
B 40 8 ee 

& : | 

g 4 | 

8 2 ; 

8 0 eo Judith Atm. 

7. @ 0004 0008 00/0 


Iron Content, Per Cent 


Fig. 11—Effect of Iron on the Resist- 
ance to Corrosion of 0.040 Inch AM52S-H 
and AM-C52S-H Sheet. 


effect on resistance to corrosion, but even a small amount of alumi- 
num lowered the tolerance limit for iron to a marked degree. Man- 
ganese on the other hand was very beneficial and substantially in- 
creased the iron tolerance of magnesium-aluminum alloys in the 
commercial range of aluminum contents. Zinc additions in the range 
employed commercially were also found to be of considerable value 
in overcoming the adverse effect of metallic impurities on resistance 
to corrosion. 

When the effect of these impurities was fully realized, high 
purity or “C” modifications of the aluminum-containing alloys were 
placed on the market with limits of 0.005 per cent maximum iron, 
0.005 per cent maximum nickel and 0.05 per cent maximum copper 
in order to provide sheet having the highest possible resistarice to 
corrosion. These high purity modifications have now entirely re- 
placed the corresponding alloys of lower purity. 

The effect of variations in iron content on the resistance to 
corrosion of commercial sheet containing 3 per cent aluminum, 1 per 
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cent zinc and 0.2 per cent manganese (AM-C52S and AM52S) is 
shown in Fig. 11. The exposures included 36 hours’ alternate immer- 
sion in 3 per cent sodium chloride, 4 weeks’ intermittent spray using 
3.5 per cent sodium chloride, and 6 months’ atmospheric exposure at 
a sea coast location at Point Judith, Rhode Island. The losses re- 
sulting from all of these exposures increased with increasing iron 
contents, the rate of increase being greatest in the alternate immer- 
sion test and least for the Point Judith atmospheric exposure. 

The adverse effect of impurities and the relative resistance to 
corrosion of the various magnesium alloys depend to a considerable 
extent on the environment in which the alloys are exposed, and alloys 
which show marked differences when exposed to sea water or in a 
salt solution may show no differences when exposed in a chloride- 
free inland atmosphere. This is illustrated by Table II which gives 
the losses in tensile strength for 0.064-inch sheet specimens of sev- 
eral commercial magnesium alloys resulting from exposure in dif- 
ferent environments, which included salt solution, salt spray, a highly 
industrial inland atmosphere at New Kensington, Pa., and a severe 
sea coast atmosphere.at Point Judith, R. I. 


Table Il 
Effect of Environment on Corrosion Losses 


a a Change in Tensile Strength 
24 hr. 2 mo ly 18 mo. 


Alloy Alternate 30% NaCl Intermittent Pt. 2 udith, New Kensington, 
Immersion Alternate 34%% NaCl ‘ Pa. 
NaCl-H202 Immersion Spray Aiea Atmosphere 
AM3S-H . ‘ — 6 + 3 — 9 —12 —9 
AMS52S-H 4 . —41 —47 —15 —22 —12 
AM-C52S-H . . —27 —i1 — 3 —13 —12 
AM- C57S-H . . —22 — i — 8 —11 —13 





The AM52S-H having a normal iron content is inferior to the 
AM-C52S having a low iron content and to the other alloys in the 
salt environments, including the Point Judith exposure, but in the 
industrial atmosphere at New Kensington it compares favorably with 
the other alloys. AM52S-H sheet is now obsolete and has been re- 
placed by the low iron alloy, AM-C52S-H which is much more re- 
sistant to corrosion. 

Stress Corrosion Cracking—Failure of magnesium sheet by 
stress corrosion was reported in 1937 by Siebel (17) for Elektron 
AZM (6 per cent aluminum, 1 per cent zinc, 0.2 per cent man- 
ganese) and Elektron A8 (8 per cent aluminum, 0.2 per cent man- 
ganese) alloys, while no failures occurred in Elektron AM503 (1.5 
per cent manganese). 
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The lack of any earlier reports on stress corrosion of magne- 
sium sheet is explained by the use of the 1.5 per cent manganese 
alloy to such a large extent that little experience was had with the 


_ high strength alloys until highly stressed applications were tried in 


aircraft construction. 

The subject of stress corrosion cracking of metals has been 
comprehensively reviewed by Dix (18) who points out that such 
phenomena have been observed in almost all metal systems. They 
are referred to by different names in connection with the various 
metals; for example, we have the “caustic embrittlement” of steel 
boiler plate, the “season cracking” of brass, the “embrittlement” of 
lead cable sheath and the “spontaneous cracking” of the old impure 
zinc-base die casting alloys. Certain aluminum alloys and some types 
of stainless steel are also susceptible to stress corrosion cracking 
under certain conditions. Stress corrosion cracking is more likely 
to result from residual forming or assembly stresses than from de- 
sign stresses or those that result from external loading, because the 
residual stresses are likely to be considerably higher than the others. 

Since the beginning of the war aircraft manufacturers have 
shown considerable interest in the use of magnesium sheet for air- 
craft structures and the susceptibility of the high strength alloys to 
stress corrosion cracking has been a cause of considerable concern. 
The occurrence in commercial operations has been confined chiefly to 
welded assemblies of the higher strength alloys only, and has not 
been encountered in the 1.5 per cent manganese alloy (AM3S). 
This situation has greatly stimulated interest in the phenomenon 
and in the development of means for preventing such failures. Both 
atmospheric and accelerated stress corrosion tests are being employed 
in these investigations. The former have the advantage of more 
closely simulating service conditions but they require prolonged ex- 
posures, while in tests of the latter type, results can be obtained in 
a matter of hours or days. The solutions ordinarily employed in ac- 
celerated corrosion tests produce so much: general attack that they 
are likely to mask the occurrence of stress corrosion cracking. To 
overcome this difficulty, R. H. Brown and his co-workers at the 
Aluminum Research Laboratories have developed a solution con- 
taining 35 grams of sodium chloride and 20 grams of potassium 
chromate per liter. This solution reveals susceptibility to stress cor- 
rosion cracking without causing an objectionable amount of general 
attack, and the results obtained with it correlate well with those ob- 
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tained in atmospheric exposure. Two methods of stressing are em- 

ployed in such tests. In the one, a sheet tensile specimen is stressed 
under constant load as a simple beam; in the other, specimens are 
stressed by bending them in an arc and inserting the ends in suitably 
insulated slots in metal plates to maintain the desired deflection. In 
the latter method the approximate stress is determined by the length 
to which the specimen is machined. 

Susceptibility to stress corrosion cracking has been found to 
increase with the aluminum content of the sheet. In the commercial 
sheet alloys, AM-C57S is more susceptible than AM-C52S, while 
AM3S appears to be completely immune to this type of failure. 
In Figs. 12 and 13 are shown typical stress corrosion cracks ob- 
tained with AM-C57S-H sheet in atmospheric and accelerated ex- 
posures. A detailed study of the mechanism of stress corrosion 
cracking in magnesium alloys was made by Graf (19) who pro- 
posed the determination of a limiting stress, below which no stress 
corrosion would occur for each specific alloy. 

Annealed sheet appears less susceptible to stress corrosion 
cracking than sheet in the hard-rolled temper and very few annealed 
samples have failed in the tests that have been conducted. This can 
probably be explained by the fact that the stresses employed are 
ordinarily based on the yield strength and would, therefore, be con- 
siderably lower in the case of annealed material. 

Low temperature thermal treatments have been found of some 
value for minimizing the susceptibility to stress corrosion cracking ; 
but such treatments do not completely eliminate the possibility of 
such failure, particularly if the stresses are in the neighborhood of 
the yield strength or higher. Stress relieval treatments applied after 
forming, welding, or assembly operations provide the most reliable 
means of eliminating stress corrosion cracking caused by residual 
stresses from such operations. A treatment for 1 or 2 hours at 
300 degrees Fahr. (150 degrees Cent.) is very effective but re- 
sults in some lowering of tensile and yield strengths of the hard- 
rolled sheet as shown in Fig. 18 for AM-C52S-H. 

It has been demonstrated by R. H. Brown and his co-workers 
that stress corrosion cracking of high strength magnesium alloy 
sheet can be prevented by making the stressed specimens cathodic in 
the test solution by the application of an external potential. This 
principle is being utilized in a duplex magnesium sheet known as 
magelad sheet, the commercial fabrication of which is now being 
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Fig. 12—Stress Crack in AM-C57S-H Sheet Exposed in Accelerated Stress Corro- 
sion Test. (XX 100. Etch 50 Per Cent Acetic Acid by Vol.). 


Fig. 13—-Stress Crack in AM-C57S-H Sheet Exposed in Atmospheric Stress Corro- 
sion Test (X 100. Etch 50 Per Cent Acetic Acid by Vol.). 
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Fie. 14—Cross Section Through 0.04-Inch Magclad Sheet. (X 100. Etch 15 Per 
Cent Acetic Acid by Vol.). 


worked out. This material consists of a core of high strength mag- 
nesium alloy to which magnesium coatings having a higher solution 
potential than the core are bonded by special metallurgical processes. 
Such sheet was proposed by Brown and Willey (20) and later by 
Siebel. Tests conducted at the Aluminum Research Laboratories 
indicate that magclad sheet offers the most promising means of 
overcoming stress corrosion cracking in high strength magnesium 
alloys, and this has greatly stimulated interest in producing the ma- 
terial on a commercial scale. A cross section of magclad sheet is 
shown in Fig. 14 and a comparison of bare and magclad specimens 
after an exposure of 24 hours in 3 per cent sodium chloride is shown 
in Figs. 15 and 16. These examples illustrate not only the preven- 
tion of stress corrosion cracking in this material but also show the 
protection against penetration into the core by corrosion. 





The forming of magnesium sheet is 
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15—Cross Section Through Corroded Area of Bare Magnesium 
Alloy vies Exposed 24 Hours in 3 Per Cent Sodium Chloride Solution. 
(X 100. Etch 0.5 Per Cent Hydrofluoric Acid). 


Fig. 16—Cross Section Through a Corroded Area in Magclad Sheet 
With Pure Magnesium Coating and Core Composition Corresponding to 
that of alloy in Fig. 15. Exposure Same as for Fig. 15. (xX 100. Etch 
0.5 Per Cent Hydrofluoric Acid). 
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easily accomplished when 


recognition is given to certain limiting factors which characterize the 


working of the material. 


At room temperature the forming opera- 


tions are somewhat limited but the extent of forming can be 
creased as the temperature is raised. The principles to be kept in 
mind in the forming of magnesium are described by Harvey. and 


West (21) as follows: 


(a) magnesium alloys must be heated to 


undergo severe bends, deep drawing, spinning and other relatively 
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difficult forming operations, (b) thin sheet heated for forming may 
cool rapidly during the forming operation, (c) a greater springback 
may be encountered when forming magnesium alloys cold than when 
forming aluminum alloys, (d) because of the smaller difference be- 
tween the properties of annealed and cold-worked magnesium sheet 
and the greater rapidity of work hardening the capacity of the an- 
nealed sheet for cold forming is more limited than for aluminum, 
(e) the commercial magnesium sheet alloys are not susceptible to 
heat treatment, so when maximum properties are desired in the fin- 
ished product the strongest combination of alloy and temper that will 
consistently withstand the forming operation is usually employed. 

Cold Forming—tThe principal cold working operations per- 
formed on magnesium sheet are bending and drawing: The mini- 
mum cold-bend radius for magnesium sheet varies with the alloy, 
temper, thickness of the sheet, the type of bending equipment em- 
ployed, the rate of bending, and the relation of the axis of the bend 
to the rolling direction of the sheet. For these reasons, an actual 
trial is necessary to determine the minimum bend radius that can 
be employed for a particular operation on a particular piece of form- 
ing equipment. As a rough guide it might be said that a bend radius 
of 4T can be used for 90-degree bends under shop conditions for 
alloys AM3S-O and AM-C52S-O and 5T for AM-C57S-O sheet 
ranging in thickness from 0.04 to 0.064 inch. For the hard-rolled 
temper these radii should at least be doubled. 

The cold drawing of magnesium sheet is limited to simple shal- 
low shapes and experience has indicated a preference for the 
AM-C52S composition. The aluminum content of 3 per cent in 
this alloy corresponds to the maximum ductility as shown in Fig. 2. 
The maximum reduction per draw is roughly about 20 per cent. 
Press equipment suitable for aluminum can be used for magnesium. 
The edges of the blanks should be entirely free from burrs since 
even an ordinary sheared edge may be the starting point for failure 
during cold drawing. For multiple drawing operations an interme- 
diate anneal of 15 minutes at 650 degrees Fahr. (345 degrees Cent.) 
is recommended but parts may be held at this temperature for as long 
as 3 hours without harm. 

Hot Forming—tThe best working temperature for the hot form- 
ing of magnesium alloy sheet is about 650 degrees Fahr. (345 de- 
grees Cent.) for AM3S and about 600 degrees Fahr. (315 degrees 
Cent.) for AM-C52S and AM-C57S. Temperatures as low as 350 
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degrees Fahr. (175 degrees Cent.) may be used for more moderate 
forming operations to minimize the reduction in yield strength caused 
by the heating of the hard-rolled sheet at higher temperatures. At 
800 degrees Fahr. (425 degrees Cent.) or higher the metal is hot 
short and excessive grain growth may be encountered. 

The heating of annealed sheet for forming operations does not 
impair its tensile properties but such heating may lower the prop- 
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Fig. 17—Effect of Heating for 1 Hour at Various 
Temperatures on Tensile Properties of AM3S-H 
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erties of hard-rolled sheet as shown in Figs. 17 and 18 for AM3S-H 
and AM-C52S-H respectively. When AM-C52S-H or AM-C57S-H 
sheet is heated to 500 degrees Fahr. (260 degrees Cent.), the result- 
ing properties approach those of annealed material but the properties 
of AM3S-H are not affected as much although the yield strength 
may be reduced 10 to 15 per cent. Short time heating of hard- 
rolled sheet as high as 400 degrees Fahr. (205 degrees Cent.) leaves 
the properties of AM3S-H almost unaffected while AM-C52S-H 
and AM-C5/7S-H suffer a reduction of about 20 per cent in yield 
strength. 

The heating of the dies to a recommended temperature of 500 
degrees Fahr. (260 degrees Cent.) prior to drawing is easily accom- 
plished by gas ring burners or electric unit heaters. The blanks 
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can be heated (a) in a furnace using oil, gas or electricity; (b) by 
a stream of hot air directed on the sheet during forming; (c) plac- 
ing on a hot plate while the preceding blank is being formed; (d) 
immersion in an oil bath having a sufficiently high flash point. It 
is absolutely necessary to operate at the proper temperature to obtain 
uniformly good results, so active temperature control is desirable. 
Hot Bending—The hot bending characteristics of the various 
magnesium sheet alloys are practically the same. The minimum 
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Fig. 18—Effect of Heating for 1 Hour at Various 
Teuperaianen on Tensile Properties of AM-C52S-H. 
bend radius for sheet ranging in thickness from 0.04 to 0.064 inch 
is about twice the sheet thickness. 

Hand and Hammer Work—Hand forming, with the help of 
wooden, cast aluminum, or magnesium forms, may be employed if 
the sheet parts are required in quantities too small to justify draw- 
ing tools or are of a contour which does not lend itself to drawing. 
Wooden, rawhide, fiber, or rubber composition mallets may be used 
for the actual working. 

Drawing—Magnesium sheet may be successfully drawn into 
relatively deep shapes at temperatures in the neighborhood of 600 
degrees Fahr. (315 degrees Cent.) and maximum reductions of 60 
per cent have been obtained with one draw on sheet ranging in thick- 
ness from 0.04 to 0.09 inch. Maximum reductions of 50 per cent 
per draw are being used in production. Ordinary shop equipment 
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such as toggle presses, single and double acting presses are suitable 
for drawing operations with magnesium sheet. 

Spinning—Magnesium alloy sheet can be spun if it is kept hot 
while being worked. Cold spinning is limited to small amounts of 
forming. In hot spinning the temperature is held between 450 and 
600 degrees Fahr. (230 and 315 degrees Cent.) with a gas torch. 
There is little danger of overheating the sheet because of its rapid 
rotation. Recommended speeds range from 300 to 450 rounds per 
minute for spinning circles of 15 to 25-inch diameter, the speed de- 
pending, of course, on the severity of the operation. 


JOINING 


Most of the conventional methods of joining and assembling 
are applied to magnesium products with minor adaptations (22). 
Riveting and welding are the methods most commonly used for 
joining magnesium sheet. The newer techniques of brazing and 
resin bonding have shown encouraging results in experimental test. 
The first two joining methods are discussed in detail below. 

Lock joints consisting of flanged and interlocked seams of sheet 
are not practical in magnesium because of the difficulty in making 
the necessary close bends. 

Riveting—Rivets of aluminum alloy 56S are recommended for 
the heavier gages of magnesium sheet, for stressed construction and 
for the more severe exposure conditions. The electrolytic solution 
potential of this alloy is relatively close to those of the magnesium 
alloys so galvanic corrosion is minimized. For relatively thin sheet 
or lightly stressed parts, aluminum alloys 2S or 3S may be employed, 
while 53S-T and 53S-T61 are suited for joints of moderate strength. 
Rivets of 17S-T, A17S-T, steel or brass should be avoided because 
the driving pressures will damage the magnesium sheet and also 
because of the danger of galvanic corrosion from such dissimilar 
metal combinations. 

Welding—An excellent and detailed description of welding 
practices for magnesium products has been given by G. O. Hoglund 
(23). Magnesium sheet may be joined by torch welding, by electri- 
cal resistance methods such as spot or seam welding and by a special 
arc welding procedure that employs a tungsten electrode surrounded 
by a shield of helium or other inert gas. 

The oxyacetylene flame is preferred for torch welding and a 
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special flux must be employed. Filler rod having the same composi- 
tion as the sheet is usually employed, but AM-C57S rod is recom- 
mended for attaching cast fittings to any sheet alloy because of the 
low melting point of the AM-C57S. It is essential that the welds 
be designed in a manner that will permit complete removal of the 
welding flux in order to avoid subsequent corrosion. For this rea- 
son, butt-welds are usually preferred. A cross section of a typical 
torch weld in AM3S-O sheet is shown in Fig. 19. 

After welding, the joints should be scrubbed lightly to remove 
residual flux. The part is then placed in hot water 160 to 200 de- 
grees Fahr. (70 to 95 degrees Cent.) for about 5 minutes. This 
removes or loosens a substantial portion of the flux which may then 
be flushed out. A constant flow of fresh water into the hot work 
tank is maintained to prevent an accumulation of dissolved flux. 
After this treatment the part is submerged for about 10 minutes in 
a 1 per cent (10 grams per liter) solution of citric acid at room 
temperature. This causes the formation of gas bubbles on the metal 
surfaces which loosen and dislodge the closely adherent flux. On 
removal from the citric acid solution the assembly is permitted to 
drain thoroughly and then is carefully rinsed in clean cold water. The 
parts should be dried immediately after this rinsing. This may be 
accomplished on a steam table or by a dip in clean boiling water. 

In electric resistance welding, there is no problem of flux re- 
moval because no flux is used. The technique for welding magne- 
sium sheet by this method is similar to that for other sheet metals 
except that the proper current setting must be used. A cross sec- 
tion through a spot weld is shown in Fig. 20. In making spot 
welds, it is necessary to remove the dichromate coating from the 
magnesium surface by means of sandpaper, emery cloth, wire brush 
or etching to insure consistent size of spots. This cleaning opera- 
tion should be done a short time before making the welds. After 
welding it is necessary to again clean the spots to remove the cop- 
per picked up from contact with the electrode tips. If this cop- 
per pick-up is not removed, it will cause a galvanic corrosion of the 
magnesium sheet as shown in Fig. 21. Similarly both seam welding 
and flash butt welding can be applied to magnesium sheet and plate. 

The arc welding of magnesium has recently become a practical 
process through the adaptation of helium shielding of the arc. This 
process also avoids the danger of corrosion from flux residues be- 
cause no flux is required. The application of this to magnesium 
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Sheet. 


Fig. 19—Section Through Oxyacetylene Torch Weld in 0.081 AM3S-O 
(X 10. Etch Acetic Acid-Nickel Nitrate). 
Fig. 20—Section Through Spot Weld in 0.064-Inch AM3S-O Sheet After Eight 


Months Exposure at Point Judith, R. I. Surfaces of Spots Were Scratch Brushed to 
Remove Copper Picked Up from Electrode Tips. (x 10. Etch Acetic Acid-Nickel Nitrate). 


Fig. 21—Same as Fig. 20 Except That Copper Pick-Up Was Not Removed Before 
Exposure. (xX 10. Etch Acetic Acid-Nickel Nitrate). 
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products has been described by Pavlecka (24), Piper (25), Loose 
and Orban (26), and Wassell (27). Because of the higher temper- 
ature of the arc, higher welding rates are possible with the helium 
arc than with torch welding. All of the standard sheet alloys can 
very readily be welded by this process. The welding rod is chosen 
to have the same alloy composition as the*sheet being welded. 

In either arc or gas welding, there is some grain growth and 
annealing in a zone adjacent to the weld which reduces the weld 
efficiency to around 70 per cent in the 1.5 per cent manganese alloy. 
In the alloys containing aluminum and zinc there does not appear to 
be any grain growth so that weld efficiencies of 90 per cent are 
consistently obtained. 


CoM MERCIAL APPLICATIONS 


It has long been recognized that the light weight of magnesium 
alloys is a distinct advantage where portable and moving equipment 
is concerned. However, the early difficulties in fabrication of mag- 
nesium sheet have delayed application to such products and the 
poor resistance to corrosion of the earlier alloys discouraged many 
enterprises. The marked improvement in the resistance to corro- 
sion in the present alloys has led to renewed development and thought 
in the application of magnesium. 

While it is true that sheet of magnesium alloy costs more per 
pound than sheet of the other commercial structural metals, this is 
offset to some extent by its light weight which permits a greater 
number of articles to be manufactured per pound than from the 
other metals. For example four times as many objects of identical 
dimensions can be made from magnesium sheet as from steel sheet 
and 1% times the number from aluminum sheet. The light weight 
of the magnesium will also reduce handling costs in manufacturing 
operations and permit lower shipping costs. 

In addition to light weight there are other favorable charac-_ 
teristics which deserve consideration for the commercial application 
of magnesium sheet. 

Outstanding machinability 

Excellent welding characteristics 

Good hot forming characteristics 

Nontoxic 

Nonmagnetic 

Resistant to alkalis and fluorides 





TRANSACTIONS OF THE A. S. M. Vol. 35 


On the other hand there are some inherent characteristics of 
magnesium sheet which are somewhat unfavorable and which must 
be taken into consideration. These include poor cold forming char- 
acteristics, notch sensitivity, and the necessity for protection in sea 
coast and marine environments. 

The poor cold forming characteristics have already been dis- 
cussed in the section on forming. 

The notch sensitivity demands that careful attention be paid 
to scratches, nicks, burrs, rivet holes and edges of blanks. The dele- 
terious effect of these notches on fatigue and impact properties of 
magnesium sheet appears to be quite pronounced so that it is really 
necessary to pay attention to this factor. 

It is common practice to apply chemical coatings and paint 
coatings when the magnesium is to be exposed to sea coast or other 
marine environments. A review of the various surface treatments 
for magnesium alloys has been given by Schmidt, Gross and DeLong 
(28) while painting has been described by Wray (29) who shows 
that the protection afforded by the paint is increased if the sheet is 
made from a more corrosion resistant alloy such as AM-C57S. 
Mutchler (30) describes various kinds of assemblies using magne- 
sium sheet in contact with dissimilar alloys and metals in welded and 
riveted construction with different coatings, which were exposed to 
tide water and weather in corrosion tests. 
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DISCUSSION 


Written Discussion: By G. Ansel, metallurgical department, The Dow 
Chemical Co., Midland, Mich. 

The results of work on magnesium sheet at The Dow Chemical Company 
are in general agreement with the work presented by Messrs. Stroup, Sager and 
West and, therefore, we will only elaborate on a few points. 

In view of the selection of sheet alloys and tempers presented in Table I, 
it might be well to consider their characteristics and serviceability. In Table 
A is presented a rating chart of magnesium sheet alloys manufactured by The 
Dow Chemical Company. 





Table A 
Characteristic Rating Chart* 


Weld- Tough- Cold Hot 
Alloy and Temper Strength ability ness Formability Formability Cost 
DM Ma (AM3S-0) E A B B+ A A 
DM Mh (AM3S-H) B A E E A 
DM FS-la (AM-C52S-0) D D A A B B 
DM FS-ih (AM-C52S-H) A D Cc D B 
DM J-1la (AM-C57S-O) .: B D € Cc Cc 
DM J-lh (AM-C57S-H) A B F F € 





*A = Best, highest or cheapest. 





220 TRANSACTIONS OF THE A. S. M. Vol. 35 


_ FS-la is the sheet with good cold formability, fair hot formability, and with 
somewhat higher properties than Ma. This sheet has the best toughness char- 
acteristics of all the commercial magnesium sheet. Ma is used for parts requir- 
ing excellent hot formability or fair cold formability combined with good weld- 
ability. FS-lh sheet is used where highest strength combined with good tough- 
ness is required. J-lh supplements the FS-lh sheet only when the combination 
of strength and weldability is desired. J-la and Mh sheet are in little demand. 

On page 202, the authors discuss the decrease in longitudinal properties upon 
continual cold rolling while the transverse properties are increasing, as re- 
ported in the literature. We wonder if they would add some comments on their 
own experience. In the case of M alloy and Elektron AM537, we have found 
it is possible to get this lowering of longitudinal properties without harming 
the sheet. However, even in these alloys at times and in the case of the aluminum- 
containing alloys, the lowering of the longitudinal properties is caused by over 
cold rolling the sheet and producing shear cracks (Fig. 10) which will extend 
in a transverse plane and be inclined at 30 to 45 degrees Fahr. to the rolling 
surface. The amount and extent of cracking will influence properties and the 
degree to which they can be recovered upon annealing. Extensive cracking 
accompanied by loss in tensile strength and elongation in the longitudinal di- 
rection can be produced without harming the transverse properties; as in the 
latter case, the cracks are in a plane which includes the axis of the test piece. 
For this reason magnesium sheet should always be tested in the longitudinal 
direction for certification or process control. 

With regard to directional properties in commercial magnesium sheet, it 
is our experience that when sufficient cold rolling is accomplished the transverse 
properties are always better than the longitudinal, both in strength and duc- 
tility in all as-cold-rolled commercial magnesium sheet. The higher the aluminum 
content, the lower the amount of cold roll required to make the transverse 
properties better than the longitudinal. Upon complete annealing, the sheet be- 
comes relatively uniform in properties. Fig. A demonstrates the influences of 
cold rolling and annealing on the tensile and compression properties of J-1 
alloy sheet. 

The data on the effect of 1 hour at 350 degrees Fahr. (175 degrees Cent.) 
on cold-rolled properties are presented in view of the fact that the authors on 
page 207 have indicated that low temperature thermal treatments have been 
found of value for decreasing susceptibility to stress corrosion cracking. It 
has been the practice of The Dow Chemical Company to apply low temperature 
thermal treatments to DM FS-lh and DM J-Ih. 

In the section on stress corrosion, the authors state that failure of mag- 
nesium sheet by stress corrosion was reported in 1937 by Siebel (Jahrbuch, 
1937, der deutschen Luftfahrtforschung, p. 528-531). Some further significant 
aspects of the stress corrosion problem are brought out by Siebel in this same 
reference. Quoting Siebel, “This sensitivity to stress corrosion of the high 
percentage wrought alloys is in contradiction to the fact that in practice stress 
corrosion has not occurred to the extent that perhaps one should expect, but 
that the high percentage alloys have proven entirely satisfactory in numerous 
practical tests. I might state that on the basis of preliminary static and dynamic 
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strength tests, sub-assemblies of two airplanes were built of Electron metal 
which are today still in service after six years and at quarter yearly inspections 
show a satisfactory condition of all parts. It is seen that by sound engineering 
construction and attention, the sensitivity to corrosion can be reduced to a 
minimum value; and we believe that cladding the magnesium alloys with high 
aluminum content with stress corrosion insensitive material such as AM503 
will mean a step further in the development of the lightest material.” 

Our experience with wrought magnesium in service agrees with these 
observations of Siebel. We know of no record of stress cracking due to service 
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Fig. A—Effect of Cold Roll on the Properties of J-1 Alloy. 
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stresses. The few cases of stress corrosion cracking which are on record can 
be definitely attributed to faulty construction, which resulted in residual 
stresses in the structure. All of the evidence to date is that if the residual 
stresses due to welding or assembly had been eliminated by techniques now 
well understood, there would not have been trouble with stress corrosion 
cracking. Beginning in 1932 several hundred magnesium structures were built 
by Dow and put into service. These structures were truck and bus bodies, 
trailers, and canoes and were made from sheet and extrusions of magnesium 
with 4 and 6 per cent aluminum. With the exception of a few cases where 
residual stresses were known to be high, no stress cracking has been observed. 
Recent laboratory data on stress cracking of test bars and structures exposed 
at Kure Beach, N.C., have shown that present day alloys are less sensitive to 
stress cracking than alloys of 10 years ago. In particular, the FS-1 or AM- 
C52S is much less sensitive and is the recommended alloy to use for highest 
strength applications except where weldability is a factor. For this case J-1 
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or a new modification of J-1 which is equally as weldable as J-1 but is tougher 
and less sensitive to stress corrosion should be used. In view of the good re- 
sistance to corrosion in atmospheric exposure of these alloys and the absence 
of stress corrosion failures in service when properly handled, it does not appear 
that it is necessary to make extensive use of cladding. We fully agree with 
the authors that cladding will probably provide assurance of no stress cracking 
at constant loading at the yield stress. We have had “M” clad J-1 and FS-1 
alloy sheet under test for more than 1 year at Kure Beach without any 
failures to date. In addition to the test bars under constant load at the yield 
point we have exposed welded structures of both “M” clad FS-lh and “M” clad 
J-lh which have shown no cracking in 9 months even though the structures 
were not stress relieved after welding. The sheet used for these tests was pro- 
duced in the production mill in production quantities and would be available 
commercially if sufficient demand existed. However, we do not feel that the 
evidence is such as to make it necessary for a majority of applications. We 
would be interested in further discussion on this point by the authors as well 
as any comments they may care to make concerning the relative merits of 
cladding with pure magnesium vs. M alloy. 

In considering the question of using clad magnesium base alloy sheet, one 
should keep in mind the high corrosion stability of alloys of the FS-1 and J-1 
type in the atmosphere, even in the unprotected state. The authors have given 
some data on percentage strength losses on exposure under several conditions. 
We would like to amplify these data by giving some on exposures of bare metal 
at Kure Beach, N.C., 80 feet from the sea, and at Midland, Michigan. 0.064- 
inch J-lh sheet on the beach at N.C. without any surface protection lost 5 
per cent of its tensile strength in 4 years. The same metal exposed in the 
industrial atmosphere at Midland lost 3 per cent of its tensile strength in 4 
years. Painted samples at both locations have shown no loss in properties in 2 
years. 

In conclusion, the authors indicate on page 212 that heating of AM-C57S-H 
to 400 degrees Fahr. (205 degrees Cent.) causes a 20 per cent reduction in yield 
strength. This does not happen to J-lh as this temper sheet has been sta- 
bilized by a low temperature themal treatment. J. V. Winkler, in “A Survey 
of Wrought Magnesium Alloy Fabrication,” published on page 225 of this 
volume of TRANSACTIONS, indicates the small decrease in properties to be ex- 
pected on heating of DM-J-lh to 400 degrees Fahr. (205 degrees Cent.). In 
line with low temperature annealing treatments the authors indicate that a stress 
relieving treatment of 1 to 2 hours at 300 degrees Fahr. (150 degrees Cent.) is 
sufficient to eliminate stress corrosion cracking caused by residual stresses. Our 
recommendations are 265 + 10 degrees Fahr. for 1 hour for FS-lh, 400 + 10 
degrees Fahr. for 1 hour for J-lh and 500 + 25 degrees Fahr. for 15 minutes 
for the annealed tempers. 


Authors’ Reply 


G. F. Sacer: Mr. Ansel commented on the lowering of longitudinal prop- 
erties that results if cold rolling is continued far enough. It has been our ex- 
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perience that marked decreases in longitudinal properties under such circum- 
stances are usually associated with shear cracks. We agree that such defects 
may cause a substantial decrease in longitudinal properties with little or no 
effect on transverse properties. 

We agree with Mr. Ansel that the stress corrosion cracking encountered 
in actual magnesium structures would not have occurred if the residual stresses 
introduced by forming, welding and other assembly operations had been elimi- 
nated. We also agree that the alloy AM-C52S or FS-1 is less sensitive to 
stress corrosion cracking than the older alloys of higher aluminum content. 
The elimination of residual stresses in built-up structures involves the heating 
of those structures, however, and it is doubtful if many of the plants making 
such structures would have the facilities for heating some of the largest assem- 
blies. For this reason, we believe that the use of high strength magclad sheet 
not susceptible to stress corrosion cracking would be highly desirable, particu- 
larly in the case of primary structural members where a stress corrosion failure 
might have serious consequences. 

We are pleased to note that the tests conducted by the Dow Chemical Com- 
pany confirm our observations that magclad sheet is not susceptible to stress 
corrosion cracking. In regard to the relative merits of AM3S (Dow M) and 
pure magnesium coatings we can say that both types of coating have effectively 
prevented stress corrosion cracking in our test. 

The atmospheric corrosion data given by Mr. Ansel for alloys FS-1 and 
J-1 exposed at Kure Beach, North Carolina, and Midland, Michigan, are of in- 
terest, and constitute additional evidence of the fact that the present day mag- 
nesium alloys are much more resistant to corrosion than most people realize. 

J. B. West: Mr. Ansel presented a table of the various sheet alloys headed 
“Characteristic Rating Chart” in which were tabulated the comparative ratings 
for the various sheet alloys by strength, weldability, toughness, cold formability, 
hot formability and cost. 

It is difficult to criticize the first column “strength” since such a term is 
so general. The following table rates the alloys by relative ultimate tensile 
strength. This disagrees with Mr. Ansel’s comparison, principally in the re- 
lation between AM-C52S-H and AM-C57S-H. Our table also differentiates be- 
tween torch and resistance weldability, no values being assigned to torch weld- 
ing of AM-C57S alloy, since we do not consider its torch welding commer- 
cially feasible. A similar table on the heliarc welding of these alloys would be 
of value but our present lack of experience in this field prevents any reliable 
comparison. 

We agree with Mr. Ansel’s comparison of the cold formability of the sheet 
alloys in the soft temper but do not feel it advisable to rate the hard tempers 
since these are not recommended for forming or drawing in general. It has 
been our experience that AM-C52S-O has a slight edge over AM3S-O on severe 
forming which requires heat. We see very little value in Mr. Ansel’s column 
headed “toughness” both from a usefulness standpoint and because the term has 
not been defined. Toughness has been defined as the capacity for energy ab- 
sorption in plastic range of identical structural members stressed in bending or 
tension and we do not believe that this somewhat empirical value is of particu- 
lar interest in a characteristic rating chart. 
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Rough Comparison of Magnesium Sheet Alloys 


Ultimate 
Tensile Weldability eae 
Alloy & Temper Strength Torch Resistance Cold ot 
AM3S-O F A A B B 
AM3S-H E A -- -— 
AM-C528S-0 D Cc A A A 
AM-C52S-H B Cc A - -—— 
AM-C57S-O Cc _- A Cc Cc 
AM-C57S-H A > A = ~- 





Sheet products requiring both forming and torch welding are normally 
built of AM3S-O material while those assemblies requiring little or no torch 
welding may be built of AM-C52S-O. Structures requiring maximum ultimate 
strength and assembled by mechanical means may be designed in AM-C57S-H. 





















A SURVEY OF WROUGHT MAGNESIUM ALLOY 
| FABRICATION 


By J. V. WINKLER 


Abstract 





















As indicated by the title, this paper presents a dis- 
cussion of latest developments for the fabrication of 
wrought magnesium alloys. The paper is divided into two 
parts as follows: (1) A detailed discussion of methods 
employed in a fabricating shop for shaping magnesium 
alloy parts, and (2) methods of joining component parts 
in fabricating a magnesium alloy struciure. 

It is suggested by the author that bulletins presenting 
supplementary information such as data on chemical treat- 
ments and painting, machine shop practice, fire prevention, 
eic., be obtained from one of the manufacturers of mag- 
nesium products. 


INTRODUCTION 





URING the last few years the list of applications for fabri- 
cated wrought magnesium alloy parts has been steadily ex- 
panding. While fundamental methods used in fabricating these parts 
are essentially the same as those used in the fabrication of other 
commonly used structural materials there has been a refinement of 
methods making it possible to produce intricate structures of high 
quality at low cost. Volume increase is making possible continued 
improvements in shop procedure, which along with constantly im- 
proving alloys, mill methods, protective treatments, and reduced 
metal cost is firmly fixing magnesium alloys as an important mate- 
rial for use in applications where low weight is an important factor. 

It is the purpose of this paper to present a summary of the 
latest practice in shaping magnesium alloy sheet and extrusions and 
to discuss briefly the various methods used in joining the material. 


















A paper presented before the Twenty-sixth Annual Convention: of the So- 
ciety held in Cleveland, October 16 to 20, 1944. The author, J. V. Winkler, is 

associated with the Dow Chemical Co., Bay City Division, Bay City, Mich. — 
Manuscript received July 29, 1944. 





225 


“se 


TRANSACTIONS OF THE A. S. M. 


PART I 


SHAPING SHEET AND EXTRUSIONS 


Magnesium alloy sheet and extrusions are worked in much the 
same manner as other more commonly used metals and the same type 
of equipment generally used in metal working establishments is satis- 
factory. The main difference in the tools and technique is necessi- 
tated by the fact that many forming operations must be performed 
at elevated temperatures. Magnesium alloys have a close-packed 
hexagonal crystal form and at room temperature permissible de- 
formation is limited. As the temperature of the metal is raised the 
allowable deformation increases very rapidly and at temperatures of 
450 to 700 degrees Fahr. (230 to 370 degrees Cent.) the metal may 
be more severely worked than most other metals at room tempera- 
ture. 

Working metal in the heated state has several apparent disad- 
vantages. There are definite advantages, however, which largely 
offset these disadvantages. The use of heat allows parts to be drawn 
in one operation which in other metals would require several re- 
draws and subsequent anneals with a consequent increase in die and 
pressing costs. Springback is reduced as forming temperatures are 
increased, being negligible at the higher temperatures. The diameter 
of a drawn part can be controlled by temperature adjustment where 
dies are made from materials having a different coefficient of expan- 
sion than magnesium. This makes it possible to correct the size of 
parts which are slightly outside of permissible tolerance limits be- 
cause of errors in die construction or because of material variations. 


COMMERCIAL SHEET AND EXTRUSIONS 


High strength properties are obtained in magnesium sheet by 
cold working it in the rolling process at the mill. When hard-rolled 
sheet (designated by the letter h) is used in highly stressed parts, 
the parts must be designed to permit forming at temperatures which 
do not result in excessive annealing. 

Parts which are not highly stressed or parts requiring severe 
deformation are made in annealed sheet (designated by the letter a) 
which may be heated to high temperatures without affecting inherent 
metal properties. 

The suffix -1 on the Dowmetal alloy designation denotes con- 
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trolled purity material in conformance with government specifica- 
tions. 

The following sheet alloys are available in this country at the 
present time: 

Dowmetal M sheet, 1.5 per cent manganese (A.A.F. 
Spec. 11339), is used in the annealed condition for lightly 
stressed parts requiring maximum formability combined 
with good welding characteristics. Hard-rolled M sheet 
is used only in a few special cases. 

Dowmetal FS-1 sheet, 3 per cent aluminum, 0.3 per 
cent manganese and 1 per cent zinc (A.A.F. Spec. 11340), ! 
is used in the annealed condition for parts requiring good 
formability coupled with higher strength than is obtained 
in Ma sheet and for parts requiring maximum impact 
resistance. Generally speaking this alloy has superior 
bendability and slightly inferior drawability qualities than 
Ma sheet. FS-1 sheet is not used for welded assemblies 
except where unrestrained welds are required due to its 
tendency to crack from welding stresses set up in re- 
stricted joints. 

Hard-rolled FS-1 sheet is used where high strength 
combined with toughness is required. 

Dowmetal J-1 sheet, 6.5 per cent aluminum, 0.2 per 
cent manganese, and 1 per cent zinc (A.A.F. Spec. 
11338), is used in the hard-rolled condition where maxi- 
mum strength is required. Its major advantage over 
FS-1h sheet is that it has good are weldability. Annealed 
J-1 sheet is used in applications requiring good arc weld- 
ability and high strength where the forming is too severe 
to use hard-rolled sheet. 

Table I lists the typical and specified minimum properties of 
Dowmetal sheet. 

Magnesium extrusions can be obtained in a large number of 
shapes and in various alloys as follows: 

Dowmetal M, 1.5 per cent manganese (A.A.F. Spec. 
11336) 

Dowmetal FS-1, 3 per cent aluminum, 0.3 per cent 
manganese, and 1 per cent zinc (A.A.F. Spec. 11320) 

Dowmetal J-1, 6.5 per cent aluminum, 0.2 per cent 
manganese, and 1 per cent zinc (A.A.F. Spec. 11335) 
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Table I 
Mechanical Properties of Dowmetal Sheet 
Elongation 
Tensile Tensile Yield' Compression! Per Cent 
-—Strength, -—Strength*—, --Yield Strength*-~, -in 2 Inches— 
Dowmetal Spec. Spec. Spec. Spec. 
Alloy Typ. Min. Typ. in. Typ. Min. Typ. Min, 
FS-la 37 32 22 ea 16 ae 21 12 
FS-1h 43 38 33 26 26 20 10 4 
-la 43 37 26 oa 16 16 16 8 
-lh 47 42 34 32 27 20 9 3 
Ma 33 28 15 Ba 12 o 17 12 
Mh 37 32 29 22 20 at 8 4 


1In 1000 pounds per square inch. 3 
“Yield strength is the stress at which the stress-strain curve deviates 0.2 per cent 


from the modulus line. 
8Dow Chemical Co. specifications. 


Dowmetal O-1*, 8.5 per cent aluminum, 0.2 per cent 
manganese, and 0.5 per cent zinc (no A.A.F. Spec.) 

_ Dowmetal O-1HTA—same composition as O-1 but 
specially processed and aged to obtain high strength prop- 
erties. 

The strength of the above extrusions increases in the order 
listed. Dowmetal M is the cheapest of the alloys. FS-1 and J-l 
are the most formable at room temperature. All of the extruded 
alloys are weldable. | 

The typical and specified minimum properties for extruded 
Dowmetal shapes are given in Table II. 





Table Il 
Mechanical Properties of Extruded Shapes 





Elongation 
Tensile Tensile Yield' Compression! Per Cent 
-——Strength'—, -—-Strength*>—, -Yield Strength’, -—in 2 Inches—~ 
Dowmetal Spec. Spec. Spec. Spec. 
Alloy Typ. Min. Typ. Min. Typ. Min. Typ. Min. 
M 36 32 20 17 11 ate or 3 
FS-1 38 33 26 20 15 a 14 8 
j-1 44 40 28 22 19 14 16 9 
O-1 46 41 29 25 22 16 9 6 
O-1A* 49 44 32 27 27 22 7 4 
e 30 ihe 5 


O-1HTA? - 47 ee 30 


1In 1000 pounds per square inch. _ ; F 
2Yield strength is the stress at which the stress-strain curve deviates 0.2 per cent from 


the modulus line. i 
®Dow Chemical Co. specifications. 


*The letter A following the designation O-1 indicates this material in the aged condition. 
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CuTTING METHODS 


Sheet may be cut by means of blanking dies, blade shears, 
routers, saws, or special types of rotary shears. The selection of 
the method depends on factors such as the number of parts to be 
run, the gage, the alloy and temper of the material, and the intricacy 
of shape. Magnesium extrusions are usually cut to length by means 
of band saws or circle saws. Routers are used in taking lengthwise 
cuts as, for example, in machining tapered wing stringers. 

Blanking dies for magnesium are much the same as those used 
for other metals. Mild steel, tool steel, and Kirksite are used in 
making the dies as determined by the thickness of sheet and the 
number of pieces to be run. For maximum edge smoothness the 
punch and die are made of unequal hardness material, so a sheared- 
in fit providing minimum clearance can be obtained. For machine 
finished dies the clearance should preferably be held to less than 5 
per cent of the metal thickness to be blanked. 

In shears, the top blade should be ground with an included angle 
of from 45 to 60 degrees. The shear blade should be kept sharp 
by limiting its use to materials which will not dull its edge. Arc 
welded magnesium alloy sheet should not be sheared across a bead 
due to the danger of striking small tungsten particles which may 
have been imbedded in the sheet during the welding operation. 

Conventional circle shears and nibblers should not be used on 
magnesium alloy sheet as they produce a rough, cracked edge. Spe- 
cial circle shears employing an inclined arrangement of shafts and 
cutters are available, however, which cut as cleanly as a blanking die. 

Thickness limitations for shear cutting operations as listed above 
are set at a maximum of 0.064 for hard-rolled sheet and % inch for 
annealed sheet. These thickness limitations may be exceeded if pro- 
visions are made to shear the metal while it is heated or if a second 
light shaving cut is taken to clean up the rough edge. 

Routing may be accomplished satisfactorily on all type routers. 
The router bit should be a single or double flute type with smooth 
polished flutes to provide good chip removal. Both straight flute 
and up to 15-degree spiral flute routers have been used successfully. 
The straight flute type cuts slightly faster but the spiral flute type, 
which pulls the chips from the work, has less tendency to load up. 
Router bits %4 or 35; inch in diameter are used at speeds of 5000 to 
20,000 revolutions per minute. A low viscosity mineral oil coolant is 
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recommended for less load up, and maximum insurance against fire 
hazard. Dry routing may be done with little fire hazard if router bit 
is kept sharp and chips are thrown free from bit. 

Magnesium alloy sheet and extrusions are cut very readily with 
all types of saws. The pitch and set are greater than in other metal 
working saws when cutting plate or heavy extrusion. In cutting 
this material band saw raker set blades of 4 to 6-tooth pitch are 
recommended. In cutting sheet band saw blades of the type used 
for cutting steel are satisfactory. Either straight set or raker set 
blades having about 8 teeth per inch for fast cutting and about 14 
teeth per inch where a relatively smooth edge is desired are used. 
Circular cut-off saws for small and medium size extrusions have a 
pitch of about 6 teeth per inch. Band saws should be provided with 
a nonsparking blade guide to eliminate the danger of sparks igniting 
the sawdust. 

DRAWING OPERATIONS 


1. Presses—In the past, hydraulic presses fitted with blank hold- 
ing rams or cushions were recommended for drawing and forming 
work on magnesium alloy sheet. This recommendation still applies 
for parts where the slow uniform speeds obtained with typical hy- 
draulic presses (about 2 to 4 feet per minute) are needed in making 
deep draws, forming parts such as boxes with small radius corners, 
making parts where the material must be severely stretched to make 
the shape, etc. Recent work on mechanical presses fitted with hydro- 
pneumatic or pneumatic cushions, however, has indicated that these 
presses are equal to and in some cases superior to slow hydraulic 
presses for certain types of jobs. Parts which tend to pucker on the 
punch, for example those having irregular rounding contours, have 
been formed on a toggle press having an average punch speed of 60 
feet per minute with less trouble than on hydraulic presses with a 
speed of 3 feet per minute. The reason for the reduced puckering is 
probably that the greater speed gives less chance for the unsupported 
metal between the nose of the punch and the radius of the draw ring 
to cool and increase the puckering tendency. There is a definite ad- 
vantage in using a mechanical press due to increased production rates. 
As an example, dies for one part which was being formed hot in a 
hydraulic press at the rate of 100 pieces per hour (which is the maxi- 
mum rate the press cycle would allow) were changed to a mechanical 
press and run at a rate'of 200 pieces per hour. 
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Single action presses not equipped with cushions may be used 
for hot drawing work by using springs or by clamping the holding 
plate with C-clamps or other mechanical means. These expedients 
are only recommended for temporary use, however, as springs lose 
their temper when exposed to the die temperature and the mechanical 
clamping means are slow and awkward to use. Control of clamping 
pressures is also inferior. As most presses may be fitted with cush- 
ions fairly easily, this course is usually taken. 

2. Drawing and Forming Dies—The main difference in dies 
for working magnesium alloy sheet is that provisions must usually 
be made for heating and allowance must be made for difference in 
coefficients of expansion when materials other than magnesium alloys 
are used in the dies. 

In parts where it is physically possible to form the material to 
the punch by the pull exerted on the blank by the pressure ring and 
draw ring, an open type die construction is used; i.e., the female 
die does not bottom on the punch. The only time mating dies have 
been used is in forming parts having re-entrant portions which could 
not be made by other means. 

Pressure rings and draw rings are usually made from mild steel 
plates. There is no record of this material having worn out in serv- 
ice even though thousands of parts have been run on a large number 
of dies. In making dies from mild steel it is important that the 
material be stress relieved at 1200 degrees Fahr. (650 degrees Cent.) 
for 1 hour and air-cooled before finish machining to relieve stresses 
which might cause the die to warp in service. Even though stress 
relieved, some mild steel dies do distort slightly in service and heat 
resistant tool steel not hardened is being tried in an attempt to elimi- 
nate this trouble. Heat resisting Meehanite cast iron has also been 
tried and indications are that it will prove superior to mild steel in 
this respect. A final decision cannot be reached, however, until more 
service experience is obtained. While the cost of Meehanite is 
higher, the machining and polishing operations may be done in less 
time and in most dies this should more than offset the material cost. 

Punches are made from steel, cast iron, magnesium alloys, and 
aluminum alloys. Magnesium alloys are used more than the other 
materials as they have the advantages of good machinability, they 
do not need correction for expansion due to heat, and, especially in 
large dies, their low weight facilitates set-up and removal of the 
punch from the press. 
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As the coefficient of expansion for magnesium alloys is greater 
than for steel and aluminum, allowance for the difference must be 
made when using the latter materials in die construction. In design- 
ing dies all dimensions which affect part size should be multiplied 
by an experimentally determined factor of 1.004 for steel and cast 
iron and 1.002 for cast alumium when the dies are to be operated 
at 600 degrees Fahr. (315 degrees Cent.). If the dies are to be 
run at temperatures other than 600 degrees Fahr. the factor should 
be corrected proportionately. 

A sketch of a typical die is shown in Fig. 1. In building up a 
die if the pedestals are to be of welded construction they should be 
rough machined and stress relieved before taking a finish machine 
cut to insure parallel surfaces. Danger of warpage due to welding 
stresses in the working parts of the die is eliminated by connecting 
these parts with bolts. The distance between pedestal supports or 
between a support and the edge of the die should not exceed four 
times the thickness of the draw ring plate as a general rule. The 
location of the supports on a draw ring pedestal is determined to a 
certain extent by the location of the pressure pins. The pedestal 
supports should be located in line with these pins as nearly as pos- 
sible. The total minimum cross section in the draw ring pedestal 
supports may be determined by the formula: 


(Blank area — area of die opening ) 
ene ae 


The load on the punch is quite low and unless a bottoming die 
is used its pedestal need only be heavy enough to insure rigidity. If 
bottoming is required the pedestal should be designed for the maxi- 
mum ram load which will be placed on the punch. 

Structural shapes such as I-beams and channels are preferred 
to squares and rounds for pedestal supports as they distribute the 
loads better. Pedestal plates are usually made from 1-inch steel. 
The size of the draw ring and pressure ring should be made some- 
what larger than the calculated blank size. The blank size can be 
quite accurately determined by making the area of the blank equal 
to the surface area of the formed part, allowing sufficient material 
for trim and for the material formed to the draw ring radius plus 
about a 1 to 2-inch holdback flange on parts which are not pushed 
through the draw ring. Footings should be provided where pressure 
pins are connected to a pressure ring as shown in Fig. 1 to provide 
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Fig. 1—Typical Die for Hot Drawing Magnesium Alloy Sheet. 


maximum uniformity of pressure distribution. It is important that 
pressure be distributed as evenly as possible to control the tendency 
to wrinkle between the pressure plates and to maintain uniform mate- 
rial thickness in the drawn part. The minimum thicknesses of plates 
used for mild steel draw rings and pressure rings are listed in Table 
III. The thicknesses listed are for stock before machining, therefore 
finished thicknesses will be slightly less. Plate less than 1.5 inch 
thick is not used due to danger of distortion upon application of heat. 

The radius of the draw ring should be made from 5t to 7t (t is 
the thickness of metal to be formed) for maximum drawability. 
Radii as small as 1t and a great deal larger than 7t have been used 











234 TRANSACTIONS OF THE A. S. M. Vol. 35 


Table Ill 
Plate Thickness for Die Rings 


Largest Blank Minimum Plate 
Dimension Thickness 
Inches Inches 
NE idea tw the ataiilirn cb hake, Ohne ane e nike e Matin ian 1.50 

ED | ‘gt Aerie Sacco Spent ae cs bb aida 0. al ein a GC Oo Whee ed 2 
Sak cba.) pda teeie ab tip Minin wie ovate ae Oe oo ot dead Wales 2.5 
NE ns ino a wie aE Wekee ts Det ete wakes coe 3 


successfully on draws where the flange is desired in the finished 
part. Radii outside the 4t to 7t limits increase drawing resistance 
and limit the depth of draw. Radii larger than 7t also increase the 
tendency to pucker in some parts. Box shapes should be designed 
with corner and bottom radii larger than 3t as a general rule, al- 
though flat bottomed parts have been made successfully with bottom 
radii as small as It. 

Clearance between the punch and die is a function of depth of 
draw. For maximum depth draws the clearance should be made equal 
to 0.25 to 0.35 times the metal thickness being drawn plus stock 
thickness. 

For a limited number of parts, draw dies have been heated by 
playing torches over them or, in the case of small dies, by placing 
them in ovens. Temperatures in these cases may be checked by con- 
tact hand pyrometers or by temperature indicating lacquers, crayons, 
or pellets. For production work dies are heated by means of elec- 
tricity or gas, and permanent temperature controlling and indicating 
devices installed. Electric heaters are very satisfactory but in cases 
where relatively high temperatures are required it is sometimes diffi- 
cult to install sufficient heating elements due to the shape of the die. 
Both cartridge type heaters mounted in holes drilled into the die and 
strip heaters which clamp to the surface of the die are used, the selec- 
tion being made according to the shape of the part to be heated. Tem- 
perature control is maintained by use of a controlling pyrometer which 
makes and breaks the heater circuit through use of a magnetic con- 
tactor. 

Gas heating is accomplished by means of gas burners attached 
to the die in such a manner that the flames impinge on the surfaces to 
be heated. Gas manifolds, one suggested system being as shown in 
Fig. 2, are fitted to presses to be used for hot drawing work. A suffi- 
cient number of mixing and control units are provided for the maxi- 
mum number of burners to be used. One burner is usually used on the 
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draw ring and one on the pressure ring. Whether a burner will be re- 
quired in the punch or not depends on the type of draw. This will be 
discussed later in the paper. Burners are usually made by bending and 
welding 0.75 or 1-inch standard pipe in such a manner that they may 


0X 





Co 
Boe 


Fig. 2—Mixing Unit for Supplying the Correct Proportion of Gas and 
Air to a Die Burner. 


be attached to the die as near as possible to the center of the draw ring 
or pressure ring surfaces. The burner should not be placed closer 
than 2 inches to the inside of a draw ring as the heat from the burner 
might overheat the part being formed. If the nature of the die is 
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such that the burner must be placed closer than 2 inches, a sheet 
metal shield should be used to protect the part being formed from the 
flame. If a burner is required in a punch it may be placed in the 
cavity of a hollow punch or it may impinge on the base if a solid 
punch is used. No. 40 drill holes spaced 0.5 inch on center are drilled 
in the pipe for burner ports. The pipe is so located that these ports 
are ¥@ inch from the surface to be heated if the flame is to burn down- 
ward or horizontally, and 0.75 inch if the flame is to burn upward. 
Three-fourth-inch pipe is recommended for burners up to 75 inches 
in length and 1-inch pipe for lengths over 75 inches. 1-inch pipe has 
been used without trouble in burners 150 inches long. While no ex- 
perience has been obtained with burners longer than 150 inches it is 
suspected this is near the top limit and that larger pipe would be re- 
quired over this length. 

The gas supply system shown in Fig. 2 operates as follows: Gas is 
reduced by the zero governor to atmospheric pressure in manifold A. 
Compressed air flowing through the airjector creates a vacuum in the 
proportional mixer so that gas is mixed in the air stream to form the 
correct proportion for burning. Valve B is set so when the die ele- 
ment being heated is up to temperature sufficient air flows to maintain 
a pilot flame on the burner. Valve C is set so that when the tempera- 
ture falls and the thermocouple-controlled switch in the controlling 
pyrometer closes, the solenoid valve is opened and the correct amount 
of air will be supplied to place a full charge of mixture in the burner. 
With a properly set up system temperature control of + 5 degrees 
Fahr. can be maintained. The cost of heating dies by this method is 
quite low as the average die requires only about 45 cubic feet of 1000 
Btu. gas per hour during operation. When the burners are going 
continuously while the die is being brought up to temperature, about 
double this amount is used. 

In locating thermocouples care should be taken to place them to 
give correct die temperatures. They should not be placed nearer than 
2 inches to a burner unless a shield is provided to protect them from 
the flame. 

Fig. 3 shows a typical mating die set up in a press. This photo- 
graph shows the method of mounting the burners on the die, the 
rubber hose used to deliver gas from the supply system to the burners 
and general details brought out in the preceding discussion. The use 
of a 0.25-inch gas line to provide an alternate means of maintaining a 
pilot flame on the draw ring burner is shown in the lower right-hand 


corner. 
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Fig. 3—Typical Mating Die for Hot Drawing and Pressing Magnesium Alloy Sheet. 


3. Preheating Ovens—-Stock to be drawn is preheated to elimi- 
nate the pause required for heating in the dies when cold sheet is 
used, to maintain uniform die temperatures and to gain uniform stock 
temperatures. In the case of round bottomed parts preheating is essen- 
tial to provide heat in that area of the sheet not in contact with the 
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punch or draw ring and which is very susceptible to puckering if not 
heated to the proper temperature. While heating of flat sheet may be 
accomplished in atmospheric ovens a preferred method is to heat the 
sheet by pressing it between flat metal plates to take advantage of rap- 
id heat transfer. One version of an oven constructed about this prin- 
ciple is shown in Fig. 4. Two %-inch Meehanite plates with electric 
strip heaters clamped to them act as heaters. In the oven shown nine 
1000-watt heaters are provided on each of the 30-inch square 
plates. This capacity will maintain a 700-degree Fahr. (370-degree 
Cent.) temperature on the plates under steady operation. The upper 
plate is held stationary and the oven is opened and closed by moving 
the lower plate with a pneumatic cylinder. It is important that the 
thermocouple used to operate the controller be located as near to the 
point the sheet will be heated as possible, otherwise a temperature drop 
due to thermal lag in the plates will be experienced. The bar shown 
across the lower plate drops into a recessed slot when the oven is 
closed. Its purpose is to lift the sheet from the plate when the oven 
is opened to facilitate handling. In operation one piece of sheet is 
placed in the oven at a time and heated as fast as an average hydraulic 
press can be operated. The speed of heating is such that a 0.064-inch 
sheet can be heated to a temperature of 600 degrees Fahr. (315 de- 
grees Cent.) in less than 10 seconds. This makes it possible to operate 
a press continuously without the lost time experienced due to oven 
temperature drop every time a new stack of sheet is placed in an at- 
mospheric type oven. 

It is important to place preheating ovens as close to the press as 
possible so minimum time will be consumed in getting a heated blank 
into the die. This is especially true for thin sheet where the tempera- 
ture drop is very rapid. 

4. Lubrication—As many drawing operations are conducted at 
temperatures in the neighborhood of 600 degrees Fahr. (315 degrees 
Cent.) special lubricants which will not burn and which retain lubric- 
ity at this temperature have to be used. Colloidal graphite suspended 
in a volatile carrier has been found most satisfactory for this purpose. 
One mixture used quite extensively is made up of about 2 per cent 
colloidal graphite by weight suspended in either a low boiling point 
naphtha or in alcohol. This mixture is sprayed on sheet surfaces re- 
quiring lubrication by means of a standard paint spray gun in quanti- 
ties sufficient to provide a uniform black surface. Application of the 
lubricant by means of other than a paint gun is not recommended as 
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Fig. 4—Hot Plate Heater for Preheating Magnesium Alloy Sheet Prior to a Hot 
Forming Operation. 


it is difficult to get the thickness and uniformity of coating required. 
The volatile carrier evaporates very rapidly and leaves a fine film of 
colloidal graphite which stays on during the drawing operation and 
provides good lubrication and freedom from scoring without fouling 
the die. 

Die surfaces are lubricated and cleaned occasionally during 
operation. A graphitized grease lubricant is rubbed on working 
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surfaces by means of an asbestos pad. Cleaning is accomplished by 
rubbing with fine emery cloth. 

The graphite coating on formed parts is removed as soon as pos- 
sible after the forming operation by a 0.5 to 2-minute dip in a 15 
to 20 per cent chromic acid bath used at room temperature. Chromic 
acid does not attack graphite or magnesium alloys but it does at- 
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Fig. 5—Limits for Hot Drawing Magnesium Alloy 
Sheet in a Single Operation. 


tack the magnesium hydroxide coating between the base metal and 
the graphite coat. This action breaks the bond between the graphite 
and the part. The graphite usually breaks free in the bath although 
on some parts which have been severely ironed a light rub with steel 
wool As required to effect complete removal. Parts should not be 
left in the bath much over the recommended time limit as the graph- 
ite: magnesium junction results in galvanic action and slight pitting 
will occur. 

A 3 per cent addition of sodium, potassium, calcium, or magne- 
sium nitrate appreciably improves the cleaning action of the bath. 
This addition is essential if the parts to be cleaned were made, from 
pickled sheet as the absence of the magnesium hydroxide coating 
makes the plain chromic acid bath ineffective. 

5. Drawing Technique—The technique required for hot draw- 
ing magnesium alloy sheet has been developed largely from the stand- 
point of making a part in a single operation. This was because the 
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extent of draw which can be obtained is so large that the great 
majority of parts usually can be made in this manner. Recently, 
however, parts with extremely deep draws have been required and 
double draws were necessary. The top limit for single draws is 
given in'Fig. 5 as a function of temperature. The drawability fac- 


J—d. 6 ii . 
tor D is the ratio obtained by dividing the blank diameter minus 


the draw diameter by the blank diameter. As careful control is re- 





Fig. 6—Nose Spinner Drawn from 0.064 Ma Alloy Sheet. 


quired to make draws of the extent shown it is recommended the top 
limit for a draw be set somewhat lower than the maximum given. 
An example of the possibilities of using a double operation may 
be gained by citing a case where 24-inch blanks of both 0.25-inch 
FS-la and Ma were drawn to a cup 8 inches in diameter by 16 
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inches deep in the first operation and redrawn to a 5.5-inch diameter 
cup 23 inches deep in a second operation. 

The depth of draw in most parts, however, is not of primary 
consideration and usually no trouble is experienced in drawing to the 
depth required. More trouble is encountered in keeping the metal 
free from puckers in parts with rounding contours. In almost all 





Fig. 7—Housing Drawn from 0.04 Ma Alloy Sheet. 


cases, however, this trouble can be eliminated by the proper use of 
the tools. 

Figs. 6 to 9 show a series of parts which were formed by single 
draws. 

Fig. 6 shows a nose spinner which has been drawn in both FS-la 
and Ma sheet. This part is 14.5 inches deep and has an inside diam- 
eter of 22 inches at its base. The tendency to pucker in a draw 
of this type is of course quite large. While the FS-la sheet attains a 
maximum depth of draw at 450 degrees Fahr. (230 degrees Cent.), 
it was necessary to draw this part at 600 degrees Fahr. (315 degrees 
Cent.) (the same as used for M) to eliminate puckering. This part 
was drawn on a die constructed in the manner shown in Fig. 1 which 
was run in a hydraulic press. 

Fig. 7 is a housing made from 0.40 Ma sheet. This part was 
made in an open type die in a hydraulic press. Considerable trouble 








1945 WROUGHT MAGNESIUM ALLOYS 243 


was encountered with puckering at the corners on the sloped end, 
but after the set-up was worked out correctly, scrap on quite high 
production runs was negligible and reworks due to small puckers less 
than 1 per cent. 

Fig. 8 shows a power unit cover drawn from 0.072 Ma sheet and 
the dies used to draw it. This part is about 8 inches in diameter and 
16 inches deep and was made on a hydraulic press. The colloidal 





Fig. 8—As-Drawn Power Unit Cover Made from 0.072 Ma Alloy Sheet and Draw 
Die Used to Form It. 


graphite lubricant had not been removed from the part at the time 
the picture was made. 

Fig. 9 shows a group of boxes made on a hydraulic press. These 
boxes were made in both 0.040 FS-la and Ma sheet. Box shapes 
such as these form very satisfactorily when the depth of the box does 
not exceed the length of the shorter side. 

a. Temperature—The temperature required to run a given part 
is roughly estimated at the time the dies are designed on the basis of 
depth of draw and general shape. In designing dies made from ma- 
terial other than magnesium alloys allowance for difference in ex- 
pansion coefficients is usually made for the optimum drawing tem- 
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Fig. 9—Boxes Drawn from 0.040 Dowmetal FS-ia and Ma Sheet. 
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perature of 600 degrees Fahr. (315 degrees Cent.) for annealed 
sheet. Dies for forming hard-rolled sheet are designed for the maxi- 
mum temperature which will not result in excessive annealing. The 
range of temperature which provides nearly maximum drawability 
is about 100 degrees Fahr. (56 degrees Cent.) above or below the 
temperature for which the dies were designed. In case the part 
is not within tolerance on its diameter, the temperature may be 
adjusted within this range to correct the size. For example, a part 
run at a temperature of 600 degrees Fahr. (315 degrees Cent.) and 
found to be oversize can be made smaller by running the die at a 
higher temperature. This results in the part being removed from 
the die at a higher temperature and the consequent increase in con- 
traction more than offsets the increase in size at temperature due to 
expansion of the dies. 

In a few cases of simple flanging operations where the metal 
is formed so rapidly that it does not assume die temperature, raising 
the die temperature will increase the part size. In cases of this 
type, it is possible to adjust the part size both by varying the die 
temperature and by changing preheat temperature. 

The temperature required for the punch is determined by the 
shape of the part. For ordinary draws the punch is not provided 
with heating elements as it absorbs sufficient heat from the draw 
ring and pressure pad heaters. Punches for forming shapes such as 
hemispheres are provided with heating means so the sheet can be 
formed to the hot punch without puckering. For very deep draws 
the punch is provided with a coolant such as circulating water. The 
reason for cooling the punch is that while heat is provided in the 
blank between the holding plates making it possible to compress the 
sheet plastically without forming wrinkles, sufficient strength is still 
obtained in the sheet by cooling it as it contacts the punch to draw 
the sheet from between the plates. The die shown in Fig. 8 is pro- 
vided with a water-cooled punch. 

A unique use of temperature as a control in making parts is 
employed in parts having slightly crowned surfaces such as wheel 
fairings which must be held to quite close tolerances. Separately con- 
trolled burners are provided at the inside and outside of the die. 
If more crown is required, the outside of the mating die is run hot- 
ter than the inside. The part is held in the die a short time so the 
sheet assumes die temperature and as the outside of the sheet is hot- 
ter than the inside it contracts more after being removed from the 
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die and the crown is raised. For less crown the relative heat on the 
inside and the outside is shifted in the opposite direction. 

The tensile strength and elongation of annealed sheet at ele- 
vated temperatures are shown in Fig. 10. These properties were ob- 
tained according to standard testing procedure. Forming tempera- 
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Fig. 10—Properties of Annealed Sheet at Elevated Temperatures. 


tures up to 700 degrees Fahr. (370 degrees Cent.) may be used 
without affecting the strength of annealed sheet. 

The effect of temperature on hard-rolled sheet after it has cooled 
to room temperature is shown in Fig. 11 for J-lh sheet and Fig. 12 
for FS-lh sheet. These curves were obtained by tests on typical 
sheet but due to limited test data they are intended to indicate heat 
effect only and are not to be considered as typical or minimum values. 
An atmospheric oven was used in heating sheet for this test. In 
using these curves to indicate probable property loss in a plate type 
heater it should be kept in mind that a certain amount of time (about 
2 to 3 minutes) was consumed in bringing the sheet up to tempera- 
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ture and the curves should be shifted to the left accordingly. The 
permissible forming temperature is limited to that which will not 
result in more than permissible property loss. Some operations lend 
themselves to rapid forming and in such cases where time as well as 


temperature maximums can be accurately controlled higher tempera- 
tures can be permitted. 
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the Room Temperature Properties of J-1h Sheet. 


b. Holding Pressure—The blank holder pressure required to 
form a given part depends on a number of factors which makes an 
accurate estimate impossible, therefore, it is determined by trial and 
error. Sufficient pressure must be used to prevent wrinkle forma- 
tion between the holding plates yet it must not be great enough to 
result in tearing in that portion which has passed the draw ring 
radius. For a given punch shape pressure must be increased as 
deeper draws are required. The depth of draw, however, is second- 
ary in determining pressure requirements when the punch shape is 
such that large unsupported sheet areas exist at the start of a draw. 
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In drawing a hemispherical shape, for example, sufficient tension 
must be placed on the sheet in a radial direction to counteract cir- 
cumferential compression stress set up as the punch enters the die 
which otherwise would cause the sheet to pucker. 


Square or other irregular shapes concentrate material flow in a 
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the Room Temperature Properties of FS-lh Sheet. 


manner which complicates holdback requirements considerably. In 
cases/of this type draw beads, or preferably blank development, are 
used to obtain nonuniform restraint to compensate for unequal de- 
formation requirements. Other factors such as draw ring radius, 
blank size, temperature, the type of material being formed, blank 
thickness, and effectiveness of lubrication further complicate the 
problem. 

In actual practice pressures on the restrained portion of the 
blank have varied from the minimum which it was feasible to obtain 
up to 700 pounds per square inch. Most jobs, however, require 
pressures ranging from 50 to 200 pounds per square inch. 

c. Draw Speed—The 2 to 4-foot-per-minute speed obtained 
with usual hydraulic presses has been found to be the most satis- 
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factory range for forming magnesium. The advantages of faster 
press speeds than 4 feet per minute have been discussed in the sec- 
tion on presses, The only time a slower speed than 2 feet per min- 
ute is required is when a water-cooled punch is used in making a very 
deep draw. In this case the speed should be less than 1 foot per 
minute to provide time for cooling the sheet. 


RUBBER FORMING 


Shallow parts such as aircraft ribs, spars and fairings which do 
not require drawing action are normally rubber formed (Guerin 
Process as developed by the Douglas Aircraft Co., Inc.). While the 
labor cost per piece is higher than die formed parts, the savings on 
die cost and the speed with which dies can be produced or revised 
overcome this disadvantage, especially when only a limited number 
of parts are required. 

Special compounded natural rubbers and synthetic rubbers have 
been developed which may be used with dies heated up to 450 de- 
grees Fahr. (230 degrees Cent.) very satisfactorily. Slabs of rubber, 
in hardnesses of about 60 Durometer, are cemented together to form 
a pad about 6 inches thick in the same type retaining box used for 
ordinary cold rubber forming. For average forming a box for a 
given press should be limited to a size which will enable a pressure of 
1000 pounds per square inch minimum to be applied on the rubber 
pad. 

Blocks for hot rubber forming are made from metals with melt- 
ing points over 1000 degrees Fahr. (540 degrees Cent.). Metals with 
lower melting points than 1000 degrees Fahr. (540 degrees Cent.) 
which have been tried were found to creep excessively when sub- 
jected to the heat and pressure used in the operation. Magnesium 
alloys, either machined from plate or cast shapes, have proven the 
most satisfactory as no allowance has to be made for expansion dif- 
ferences, it heats rapidly, it is light, and is very easy to machine. 

Various methods of keeping heat on the metal while it is formed 
may be used. The method which has been used most extensively 
involves the use of an oven to supply heat required. A blank is lo- 
cated on a forming block by means of ;%-inch diameter or larger 
pins. The loaded block is brought to temperature in an oven after 
which it is formed in the usual manner. The forming platen should 
be insulated to prevent rapid chilling which would occur if the heated 
dies were placed on a cold steel platen. 
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Another method which has been used satisfactorily is shown in 
Fig. 13. In this set-up the platen itself is heated, and the forming 
block is bolted to the platen where it is heated by conduction. Blanks 
are heated in a preheating oven, located on the forming block and 
formied. 

In the first method enough different parts must be available for 
a run so the dies may be circulated through the oven without having 





Fig. 13—Electrically Heated Platen for Hot Rubber Forming Magnesium Alloy Sheet. 


to wait after a part is formed for the die and new stock to heat. 
This method has the advantage that if hand work is necessary on the 
part it may be done as soon as the part and die are removed from 
the press while it retains sufficient heat. The second method is 
usually limited to parts which may be formed directly in rubber 
without hand work. If rework is required in this method the part 
has to be reheated and formed on the die after the run has been fin- 
ished and it is removed from the press. A further disadvantage of 
the second method is that the constant heat from the platen results in 
earlier breakdown of the rubber than when it is intermittently ex- 
posed to heat from the forming blocks. The second method has an 
advantage where hard-rolled sheet is used in that the time at tem- 
perature may be held to a minimum and higher temperatures may be 
used without increasing property loss as brought out in Figs. 11 and 
12. If this method is used and the rubber becomes sticky the part 
may be protected from the rubber by covering the blank with a sheet 


of wrapping paper or dusting it with cornstarch just before it is 
formed. 
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Both of these methods are limited to the forming of very 
few parts at each stroke of the press. A method which has not been 
used but which should allow as large a number of parts to be formed 
as when aluminum parts are formed cold would be to place a number 
of dies on a movable heated platen. After the blanks were placed | 
on the forming blocks the platen would be moved to an oven to in- 
sure that all blanks came up to temperature. Time in the oven 





Fig. 14—Wing Ribs Hot Rubber Formed from 0.032 and 0.04 J-1ih Sheet. 


would be quite a bit less than in method one, probably 2 or 3 minutes 
would be sufficient, as the forming blocks are heated by the hot 
platen and they in turn would help bring the blanks up to tempera- 
ture. After preheating the platen would be indexed for forming 
and then returned directly to the loading and unloading station. 
Necessary rework would be done at the press after the parts were 
formed as they would be held at the temperature required for re- 
work by contact with the platen heated form blocks. 

A photograph of typical rubber formed parts is shown in Fig. 
14. The wing ribs shown were formed from J-lh sheet at a tem- 


perature of 400 degrees Fahr. (205 degrees Cent.). Developed 
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blanks with predrilled pilot holes were used so no further trim or 
drill operations would be required after the parts were formed until 
the time for their installation on a wing. 

If parts are required which are difficult to make by simply press- 
ing with the master rubber pad it often proves advantageous to use 
small pieces of supplementary rubber. This rubber is placed appro- 
priately on the forming block to concentrate pressure where it is 
needed or to act as a spacer in starting metal to move at one location 
before pressure is brought to bear at other points. On parts requir- 
ing severe forming it may be necessary to partially form the part in 
rubber, and remove it from the press to work out wrinkles which 
have started before full pressure is applied. 

Forming temperatures of 300 degrees Fahr. (150 degrees Cent.) 
for FS-lh sheet and 400 degrees Fahr. (205 degrees Cent.) for J-lh 
are usually used as these temperatures result in only a 2 to 3 per cent 
property loss when heated for 15 minutes which is the maximum 
time usually required. Tests have shown that at these temperatures 
FS-lh and J-lh have nearly equal formability. Stretch flanges of 
40 per cent have been made successfully at the above temperatures. 
Flanges with 2.5 to 3.0 per cent shrink can be made without wrin- 
kling but smaller radii require the use of cutouts or crimping to 
take care of excess metal. 


HAND FoRMING 


The necessity of working magnesium alloys at elevated tempera- 
ture makes hand forming a much more difficult operation than it is 
in materials which can be worked at room temperature, therefore 
this method is used only where a comparatively few units are re- 
quired. The same technique is used in working magnesium, how- 
ever, and with experience an operator can make quite difficult parts 
by this method. 

Simple bends are made by clamping the material in a soft-jawed 
vise or by clamping it to a block and making the bend with a soft 
hammer. Form blocks may be made of a heat resistant wood such 
as birch although metal is usually preferred. Heating is usually 
accomplished by means of a torch and temperatures are checked with 
a hand pyrometer. In some cases where metal form blocks are used, 
heating is accomplished by placing the form block and sheet in an 
oven or by mounting electric heaters in the form block and heating 
the sheet by conduction. 
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BENDING SHEET AND EXTRUSION 


a. Sheet—Straight short radius bends are made in dies by rub- 
ber forming, and by means of a press brake. Die and rubber form- 
ing methods are used in flanging class operations where bends at 
right angles to each other would complicate press brake operation. 
Various standard steel dies plus dies in which the upper blade is 
bottomed in rubber retained in a U-shaped bottom die are used in 
brake processes. Press brake dies are heated by electric strip heaters 
as the flat surfaces presented by this type tool are ideal for the appli- 
cation. Heaters are not used on a female die which contains rub- 
ber. It is recommended that dies be insulated from the press to 
shorten heating time, to prevent the press from heating excessively, 
and to conserve heat. Insulation of the bottom die may be effected 
easily by placing the insulating material between the press bed and 
bed rail. It is more difficult to insulate a top die, however ; therefore 
a special blade holder incorporating insulation is provided for the 
press. High compression type insulating materials such as those used 
in friction blocks (which may be obtained in sheet form) should 
be used. The holder may be made for mounting a blade which has 
heaters attached to it or it may be made to incorporate the heaters 
as shown in Fig. 15 thereby eliminating the necessity of attaching 
heaters to each blade. Temperature control may be automatic or 
manual; aided by a contact pyrometer. 

Three methods of heating magnesium alloy sheets are used. 
The dies may be heated and the sheet preheated, the sheet may be 
heated by contact with the dies, or the sheet may be preheated and 
the dies used cold. The latter method may be used only where the 
operation is fast and forming is accomplished before the dies chill 
the sheet. In making long bends the tendency of heat to cause 
warpage is reduced when the dies are used at room temperature and 
the sheet heated. A slight pause after the bend is made to allow the 
sheet to be chilled while it is held by the dies also helps in some 
cases. Both contact plate and atmospheric type preheating ovens are 
used, the latter type being essential where more than one operation 
is required. 

Folding leaf brakes have not been used in the past because of 
the heating problems encountered in standard equipment. Special 
types, in which the bending edge may be insulated from the re- 
mainder of the machine, are being studied, however, as it is believed 
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Table IV 


Suggested Minimum Room Temperature 
Bend Radii for Sheet 





Minimum Actual 


Minimum 
Material Die Radius Formed Radius 

FS-la 4t St 
FS-1h 9t 10¢t 
-la St 9t 

-lh 14t Yt 
a 6t 7t 
Mh llt 12t 


Springback 8 to 10 degrees for annealed sheet. 
12 to 15 degrees for hard-rolled sheet. 
Note: Tests made with rubber in bottom die. 





the action of pulling the sheet being formed against the bending 
edge will eliminate the warpage problems encountered in making 
long free bends in a press brake. 

Table IV lists suggested minimum bend radii in terms of sheet 
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Fig. 15—Electrically Heat- 
ed Press Brake Blade Holder. 


thickness for room temperature forming. The data were obtained by 


making 90-degree bends in both directions relative to the original flat 
sheet surface in 6-inch wide specimens with the bend perpendicular to 
the grain direction. Bends parallel to the grain direction can usually 
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be made somewhat smaller than those listed as the sheet generally has 
better elongation in the transverse direction. 

The curves in Fig. 16 show the effect of temperature on the 
smallest die radius which is normally used. These curves were ob- 
tained from testing material having typical properties but the values 


Temperature, °C. 
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Radius in Terms of Sheet Thickness 
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Fig. 16—Minimum Punch Radius About Which Mag- 
nesium Alloy Sheet Can Be Bent Through 90 Degrees at 


Various Temperatures. Test run with heated punch and 
rubber bottom die. 


plotted are not to be considered typical due to the limited numbers 
of test bends made. Curves for hard-rolled sheet were extended 
beyond the maximum temperature usually used in forming to cover 
cases where fast heating is employed and maximum temperature 
limits consequently raised. 

The above discussion relating to minimum bend radii at elevated 
temperatures applies when fast acting bending machines are used. 
By using hydraulic equipment or other machines having fairly slow 
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forming action smaller bends than the minimum listed can be made. 
Both FS-la and Ma sheet have been formed to 90-degree bends with 
practically a zero radius on production items. A good illustration 
of the effect of slow speed on bendability is that commercial Ma 
sheet has been bent through 180 degrees with no radius at 600 de- 
grees Fahr. (315 degrees Cent.) without cracking or alligatoring by 
using a press speed of 1 inch per minute to finish the bend. 

Large radius bends and variable radius bends are made in sheet 


. rolls or by passing the sheet through an operating press brake in the 


conventional manner. Generally the diameter of sheet rolls is larger 
than the minimum bend allowance for the sheet so heat is not re- 
quired. In some cases, however, the sheet is heated to reduce spring- 
back when the roll will not form a radius as small as desired. If 
heat is required on press brake contouring operations both the dies 
and stock are heated. 


Table V 
Room Temperature Bend Radii for Extruded Strip 


Dowmetal Bend Radius in Terms 


Alloy of Strip Thickness 
CET) Ss Oo vn deste 6 ae aes a raed mr nibake a 7to9t 

a: bie tet ¢Ob ives ba 6 sete ereabe wh <ocs dee nous 2to3t 
CRA: s. &radaeSrcd ckCk Sister rkhecken sss cedtewoees 7to9t 
Bk sig cit's nck bbhnns 4k Dee eh sesh Fh 6 db wad o> bbe 1.5to2.5t 
DL. en Guat < awde putas otk eee dbs pipe abe 40to5.5t 
are.) nce cadeahets Wael howe’ Gas Se kas 0% 1.5 to2.5t 





b. Extrusions—Extrusions may be bent by hand methods, using 
a torch if heat is necessary and checking with a hand pyrometer. 
Production bending may be done on standard angle rolls, in mating 
dies, in stretch forming machines or other specialized bending equip- 
ment used in industry. In the relatively few cases where heating is 
necessary the stock may be preheated in an oven. The dies may or 
may not require heating depending on the size of the section and the 
length of time consumed in the forming operation. Experimental 
work with both induction heating and heating by passing current 
through the extrusion indicates both methods feasible in cases where 
high enough production is involved to warrant the expense of set- 
ting up for these methods. 

Table V gives the radius about which extruded strip stock 0.090 
inch thick may be bent at room temperature. While these data are not 
of much value in predicting the forming limits on extruded shapes, 
they do show the relative formability of the materials. 
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J-1, M, and FS-1 extrusions may be worked quite severely at 
600 degrees Fahr. (315 degrees Cent.). If O-1 extrusions are to be 
aged after forming, forming is accomplished at room temperature as 
there is no advantage in heating the material up to 350 degrees Fahr. 
(175 degrees Cent.) which is the maximum temperature which will 
not result in lowered properties. Lower strength material results 
when the material is heated over 350 degrees Fahr. (175 degrees 
Cent.) due to the fact that a coarser precipitant is obtained than when 
it is properly aged. If O-1 extrusions are to be used in the unaged 
condition, forming temperatures up to 600 degrees Fahr. (315 de- 
grees Cent.) are permissible. Forming between 350 and 500 degrees 
Fahr. (175 and 260 degrees Cent.) will result in partial aging with 
a consequent increase in strength and reduction in ductility when the 
material is not aged after forming. O-l1A and O-1HTA material 
may be formed up to a temperature of 380 degrees Fahr. (195 
degrees Cent.). At this temperature the bendability is about the same 
as that of O-1 at room temperature. 


STRETCH FORMING 


Only a small amount of stretch forming has been done with 
magnesium sheet but the work accomplished indicates this method of 
forming is entirely possible. Work at room temperature has been 
limited to annealed sheet. In working at room temperature the op- 
eration is essentially the same as working aluminum. The main pre- 
caution is that sharp, serrated grips should not be used. If a machine 
has grips which tend to cause failure of the sheet, or if slipping is 
encountered, the trouble may be overcome by lining the grips with 
emery cloth. 

Both annealed sheet and hard-rolled sheet may be stretch formed 
hot. In this case the punch is made in the same manner as punches 
for draw dies discussed earlier in this paper. 

An example of the cold stretch formability of annealed sheet is 
that 0.040 by 24 by 90-inch sheets of both FS-la and Ma sheet have 
been formed to the contour of a 24-inch radius sphere except for 1.5 
inches on the sides and the portion near the grips. A picture of a 
piece of 0.040 by 38 by 90-inch Ma sheet hot-stretch formed to the 
same contour as the above is shown in Fig. 17. It is interesting to 
note that the entire width of sheet formed to the desired contour 
except, of course, for that portion near the grips. A standard dou- 
ble action draw press using flat clamping plates for grips was used 
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in making the skin shown in Fig. 17. The punch was heated to 550 
degrees Fahr. (288 degrees Cent.) and the sheet was heated by con- 
duction as it was pulled against the punch. 


Drop HAMMER 


This type of forming is generally not recommended for mag- 
nesium alloys unless the part is relatively simple and can be made 





Fig. 17—Enclosure Sheet Hot-Stretch Formed from 0.04 Ma Alloy Sheet. 


in one operation. The main difficulty experienced: where many 
blows of the hammer are required is keeping the sheet heated since 


a partially formed sheet has only a small portion in contact with the 
lower die surface. 


SHRINKING 


Limited work on shrinking machines has proven that annealed 
materials may be shrunk satisfactorily at room temperature. This 
fact has been adequately demonstrated by shrinking one edge of a 
0.040 by 1 by 9-inch sheet of Ma to an extent which resulted in the 
sheet bending about the neutral axis of the l-inch width to a radius 
of 6 inches. Hard-rolled material cannot be shrunk very far with- 
out employing heat to increase ductility. Special grips have been 
developed for magnesium which do not have a stipple and conse- 
quently allow magnesium alloys to be shrunk without the objectionable 
surface marring often associated with this type of operation. 
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SPINNING 





The utility of this method for working magnesium alloys in 
making limited quantities of parts or for accomplishing certain type 
operations which would be difficult or impossible by other means is 





Fig. 18—Cone Made by Hot Spinning 0.051 FS-la Sheet. 


borne out by a statement made by an executive of one of the leading 
spinning companies in this country. He said that his company can 
hot spin any shape from either annealed Ma or FS-la sheet that 
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can be spun from pure aluminum sheet. A photograph of a part 
spun from both 0.051 FS-la and Ma sheet is shown in Fig. 18. 

Heat for spinning may be applied by means of a hand torch or 
a heated chuck may be used and the sheet heated by conduction. 
Maple chucks have been used satisfactorily when a torch was used for 
heating but a metal chuck is used where large numbers of parts are 
required or where the chuck is to be heated. Standard spinning tools 
with brown laundry soap for lubrication have been used with good 
success in hot-spinning operations. 


Impact ExTRUSION 


The term impact extrusion as applied to forming shells from 
magnesium alloys which have too great a depth-to-diameter ratio for 
a drawing operation is a misnomer. While the operation is essen- 
tially the same as impact extrusion it is accomplished in a hydraulic 
press at much slower speeds and might more accurately be termed a 
back extrusion. Work with this forming method has not been exten- 
sive enough to establish related limits on wall thickness, diameter, and 
height. To date shells ranging in size from 1.25 inch O.D. by 6.5 
inch long with a wall and bottom thickness of 3%; inch to a size 5.5 
inch O.D. by 22 inches long with a wall and bottom thickness of 0.25 
inch have been made from extruded M, FS-1, and pure magnesium 
stock. 

Temperatures of 600 to 800 degrees Fahr. (315 to 427 degrees 
Cent.) have been used on the three materials tried to date. The 
pressures found necessary per square inch of punch cross section 
were approximately 25,000 pounds per square inch for pure magne- 
sium, 35,000 pounds per square inch for M, and 40,000 pounds per 
square inch for FS-1. Ram speeds of 2 to 3 feet per minute resulting 
in extrusion speeds of 10 to 15 feet per minute were found satisfac- 
tory. 
The main feature in die design is the necessity of reducing the 
cross section of the punch back of its nose to prevent the extruded 
metal from seizing the punch. The die used to form the 1,25-inch 
shell mentioned above is shown in Fig. 19. 

A series of cups with various shapes forged integral with the 
cup base at the time of extrusion is shown in Fig. 20. The cup at 
the right was provided with a steel base by forging metal,around a 
piece shaped as shown in the sectioned cup second from ‘the right. 
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Fig. 19—Back .Extrusion Die. 


The threaded portion on the base of the cup at the left was formed 
with a 44-20 tapped hole in a ¥%-inch thick steel plug placed in the 
bottom of the shaper. The threaded plug was unscrewed from the 
cup after the extrusion was completed. The other cup was made in 
the same manner with the exception that a 14-13 tapped hole was 
used instead of the smaller one. 


TRANSACTIONS OF THE A. S. M. 


PART II 
Jorntnc MetuHops 


The purpose of the following discussion is to review the vari- 
ous methods used to join magnesium alloy parts and to discuss 
briefly the processing involved in fabricating structures by these 


: 
: 
' 
; 
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Fig. 20—Back Extruded Cups Combined With Forging Operations. 


methods. The equipment and technique necessary to make a given 
type of joint will not be covered in detail unless the information is 
new or its inclusion is necessary to preserve the continuity of the 
material being presented. 


Spot WELDING 


Spot welds are used mainly in low stress applications and in 
high stress applications not subject to excessive vibration. Spot 
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welds have been used on primary aircraft structures without trou- 
ble and their use for this purpose will probably become general after 
additional service experience is obtained. The success of spot weld- 
ing as used in secondary aircraft structures is evidenced by the fact 
that thousands of spot welded parts are giving satisfactory service. 

All sheet alloys and extrusion alloys can be spot welded. In 
welding different alloy sheets or extrusions to each other the ease 
of welding depends on the alloying constituents in the materials; 
the more identical the composition of the materials, the easier they 
are to weld. Materials with different alloying elements, for example 
J-1 alloy and M alloy, may be welded to each other only with diffi- 
culty as very careful control of welding conditions is required. 

Both A.C. and D.C. welders of the type used in spot welding alu- 
minum alloys have sufficient capacity and provide adequate control 
of current and electrode force to make good welds in magnesium 
alloys. While fairly good welds can be made with welders of the 
type usually used for ferrous metal welding, these machines nor- 
mally are not provided with accurate enough current and electrode 
force controls.to spot weld structures subject to rigid specifications 
such as those enforced in aircraft work. 

Areas to be spot welded should be cleaned free of pickle coatings 
or of oxidized surfaces on unpickled sheet. At present cleaning is 
usually accomplished by wire brushing both sides of the sheet in the 
area to be welded with a brush of steel wire 0.003 to 0.006 inch in 
diameter rotated at a peripheral speed of over 2500 feet per minute. 
This is followed by rubbing the side of the sheet to be contacted by 
an electrode with No. 3 steel wool or with No. 160 to No. 240 alu- 
minum oxide cloth. Small areas may be cleaned by hand using only 
steel wool or abrasive cloth. Stainless steel wool is preferred because 
of its nonmagnetic properties. Aluminum oxide cloth is used as it 
results in minimum surface contamination. 

Chemical cleaners for spot welding have been tested which 
show promise of being superior to mechanical cleaning methods, both 
from the standpoint of cost and thoroughness of cleaning action, but 
all development work is still in the experimental stage. 

The same types of electrodes as those used in welding aluminum 
alloys are recommended for magnesium alloys. The most satisfac- 
tory electrode contour has been found to be a 2 to 8-inch spherical 
radius. Water-cooled electrodes with an intermittent water supply 
so that water is flowing only while the welding operation is in prog- 
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ress are usually employed so temperatures may be held at a con- 
stant level. The tip temperature generally used in welding all mate- 
rials is one which is as low as possible yet does not result in con- 
densation on the electrodes. 

In setting up a machine the proper pressure, current, electrode 
contour, etc., should be selected which will result in a correct diam- 
eter spot as determined by strength requirements and which will 
have required penetration. In making the set-up, care should be 
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Fig. 21—Recommended Spotweld Diameters M, J and FS Sheet. 


taken to make sure the welds are free from spitting, cracking, or 
porosity. A curve showing the range of spotweld diameters in all al- 
loys recommended for typical structures is given in Fig. 21. 

The number of spots which may be made without tip cleaning 
varies from 10 to 20 spots for M alloy, 30 to 50 spots with FS-1, 
and’ from 100 to 150 spots on J-1. While tests have proven that 
clean spot welds are not selectively attacked in corrosive surround- 
ings, copper pickup will cause corrosion and care must be exercised 
to avoid pickup. Copper deposit is detected as a black discoloration 
when the spot welded part is chrome pickled or by placing a drop of 
10 per cent acetic acid solution on the spots. Welds showing evidence 
of copper pickup should be cleaned with steel wool or with an alu- 
minum oxide abrasive cloth. 

It is recommended that all spot welded parts be given a chem- 
ical treatment incorporating a dichromate boil such as Dow No. 7 
treatment for alloy FS-1 and J-1 and Dow No. 10 treatment for M 
alloy. 
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As all the semi-liquid materials used to protect faying surfaces 
in spot welded joints are adversely affected by a dichromate boil they 
generally are not used on magnesium alloys. If a protector is used 
a treatment not involving a boil must. be used and it has been found 
the omission of a boil treatment is more deleterious to the corro- 
sion resistivity of a structure than is the omission of the interface 
protection for practically all service conditions. 


RIVETING 


Riveting, in magnesium alloys as in aluminum alloys, is still 
the most widely used joining method for general assembly work. 
Rivets are used in magnesium alloys in mueh the same way as in 
aluminum alloys and only a few minor changes in technique are 
required. 

56S aluminum alloy rivets are most suitable for magnesium al- 
loys. This alloy has a low potential in contact with magnesium al- 
loys and effectively prevents galvanic corrosion troubles. 56S rivets 
are not heat treatable and should be purchased in the temper required. 
56S-1/4h rivets are recommended except where the rivet is to be 
used in dimpled sheet in which case 56S-O rivets are normally used. 
No precautions need be taken to insulate this material from magne- 
sium. In cases where assembly conditions are of a nature which 
would make it difficult to drill the rivet holes and machine counter- 
sink the sheet before chemically treating and priming, the rivet is 
often used in direct contact with the magnesium without trouble. 
These rivets are always anodized to provide better paint adhesion. 
The use of rivets other than 56S alloy will be discussed later in this 
section. Steel or brass rivets, fittings, bolts, nuts, etc., should not 
be used on magnesium structures unless they are cadmium or zinc 
plated and insulated with zinc chromate compound or other sealing 
material. 

Drilling and piercing methods are both used to make rivet holes 
in magnesium alloy sheet. Drilling is preferred for highly stressed 
parts subject to fatigue as piercing results in a flaky edge, especially 
in hard-rolled sheet thicker than 0.04 inch: While standard 118-de- 
gree point angle drills can be used for drilling sheet satisfactorily, 
better results can be obtained by using the same drill sharpened to a 
60 to 80-degree included angle with the web thinned and the cor- 
ners rounded. Standard countersink tools used for aluminum alloys 
are also employed for magnesium alloys. 
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Standard rivet squeezers and pneumatic hammers used in rivet- 
ing aluminum are both satisfactory for magnesium alloys. The 
choice of equipment is dictated by the nature of the structure being 
riveted as exhaustive test work has shown little difference in the 
quality of work produced by either method. Care, of course, must 
be used with a hammer to drive the rivets squarely and not allow the 
header to dent the sheet. 

The rivet length for a given grip in magnesium is usually made 
slightly less than for aluminum when using flat aircraft type buck- 
tails as a thorough investigation on the effect of bucktail sizes has 
proven that full strength joints can be developed with bucktails 
driven to a minimum height of 0.4 times the rivet diameter and a 
minimum diameter of 1.33 times the rivet diameter. The correct 
size bucktail is obtained by selecting a rivet length which projects 1 
to 1.25 times the rivet diameter before driving. 

Investigations on all sheet alloys have shown that an edge dis- 
tance of 2.5 times the rivet diameter (measured from the center of 
the hole to the edge of the sheet) is adequate to prevent cracking or 
bulging in the edge of the sheet when the rivet is driven and gives 
maximum strength joints. The above was checked using sheared 
sheet edges which presents the most unfavorable condition from both 
driving and strength considerations. 

Tests have been made to establish the minimum sheet gage in 
which machine countersunk rivets may be used and the limits arrived 
at are given in Table VI. 


Minimum Gage Sheet for Machine Countersunk Rivets 








Rivet Recommended Absolute 


Diameter Minimum Minimum 
ys 0.040 0.032 
\% 0.051 0.040 
0.064 0.051 
0.081 0.072 


Heer 





Where flush rivets are required for sheet thinner than the rec- 
ommended minimum listed above it is advisable to use press counter- 
sunk joints if high strength is required. The main difference in 
making dimples in magnesium alloy sheet is that heat is usually used 
to prevent cracking and to forge the material as required to obtain 
good dimple fit-up and a flush surface. 

At present dimples are formed with dies heated by contact with 
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die holding blocks provided with electric resistance heaters. Thermo- 
couples or sensitive bulbs for temperature controlling instruments 
should be mounted in the heated die holders as close as possible to 
the dies. The sheet to be dimpled is heated by contact with the dies 
rapidly enough to allow dimpling rates of 15 to 30 per minute in pro- 
duction runs. Dimpling may be accomplished satisfactorily in hy- 
draulic or pneumatic machines which have sufficient throat to handle 
the die holders and which develop adequate pressures to form the 
dimple properly. A machine with a capacity of 5000 pounds will 
handle all size dimples up to ;3; inch in diameter in 0.072 sheet. Fig. 
22 shows a pneumatic arbor press set up with a bottom die holder 
suitable for dimpling parts such as rib flanges which require clear- 
ance directly under the point of dimpling. The lower holder is heated 
by means of three 300-watt strip heaters clamped to the lower side of 
the plate. The upper die holder is heated by means of a hollow car- 
tridge heater in this case. Higher heats can be maintained more 
satisfactorily, however, by clamping four 300-watt strip heaters to 
a square piece of steel machined to fit the arbor at one end and to | 
hold the die on the other end. In operation the sheet is located on a 
pin in the upper die and the area of sheet to be dimpled allowed to 
preheat. In starting a new row of dimples a few seconds’ pause is 
required before the press stroke is started but subsequent dimples 
may be made almost as fast as the sheet can be located on the pin 
as a certain amount of preheating is effected by forming the first 
dimples. 

Die temperatures between 450 and 550 degrees Fahr. (230 and 
315 degrees Cent.) have been found satisfactory for all sheet. Checks 
have shown that the sheet being dimpled will reach a temperature 
approximately 50 degrees Fahr. below the die temperature in the 
few seconds required for making a dimple. Temperatures above the 
annealing point.may be used on hard-rolled sheet as the total time 
the sheet is above critical temperature is only 4 or 5 seconds. Dim- 
ples can be formed with the dies held lower than 450 degrees Fahr. 
(230 degrees Cent.) but the rate of dimpling is slower due to the 
lack of sufficient thermal head to reach the required temperature 
rapidly. 

Highest strength dimples in magnesium alloys are obtained by 
forming the dimples with a pilot hole approximately 15 per cent 
smaller than the rivet and redrilling to the required size after the 
dimple is formed. A sharp edge should not be left on the bottom of 
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Fig. 22—Press Fitted for Hot Dimpling Magnesium Alloy Sheet. 


the dimple after the redrill operation as it may cause cracks when 
the rivet head is formed. Flats are provided on the dimple against 
which the rivet bucktail is formed by forging a flat at the time the 
dimple is formed or by removing the edge with a file or other cut- 
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ting tool after the redrill operation. The diameter of the flat pro- 
vided should be from 1.33 to 1.5 times the rivet diameter. This flat 
should be placed only on the sheet against which the bucktail is 
formed. Placing the flat on the dimple which nests in the bottom 
dimple leaves a gap in the material which lowers the strength of the 
joint and which may cause the bottom dimple to break when the 
rivet is headed. 

Up until fairly recently it was necessary to use 120-degree in- 
cluded angle rivets in J-1h sheet when press countersinking was re- 
quired to eliminate cracking experienced when 100-degree rivets were 
used. Dimpling technique, however, has recently been refined and 
present indications are that standard 100-degree included angle flush 
rivets may be used in all magnesium alloy sheet without trouble. 

Fig. 23 shows a wing constructed from J-lh alloy sheet and 
O-1HTA extrusions. One-eighth-inch flush rivets are used in the 
skin forward of the front spar. Machine countersinking is used in 
the 0.051 skin on about the inner third of the panel and press coun- 
tersinking is used on the outer 24 of the panel where thinner skin 
than 0.051 is employed. 

The following procedure is suggested as a method for process- 
ing typical riveted assemblies where 56S alloy rivets are used. 


1, Cut blank, jig drill pilot holes, and form block locating 
pin holes where required. Form and if necessary trim parts. 

2. Apply chemical treatment called for on finished assem- 
bly. 

3. Parts inspection. 

4. Paint parts with zinc chromate primer. Note—Onmit 
this step if parts are to be dimpled. 

5. Store parts. 

6. Drill, countersink, and dimple as required. Note— 
Dimpled parts are painted with zinc chromate primer after 
dimpling. 

7. Rivet. 

8. Rivet inspection. 

9. Bucktails primed with zinc chromate either locally or 
by priming entire bucktails side of structure. 

10. Finish painting. 

11. Final inspection. 


When 2S, 3S, or Al7ST alloy rivets are used the above pro- 
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Fig. 23—-Wing Made from J-lh Alloy Sheet and O-1HTA Extrusions. 


cedure may be followed but the rivets must be set in wet zinc chro- 
mate primer. 

If 17S or 24S alloy rivets are used the procedure must be 
changed so all drilling, machine countersinking, and dimpling opera- 
tions are performed before the parts are given a finish chemical 
treatment. These rivets must be set in wet primer in addition to 
having all surfaces in contact with the rivet pickled and primed. 


Gas WELDING 


The advisability of fabricating a structure by means of fusion 
welding in preference to riveting, spot welding, etc., is usually dic- 
tated by the shape of the structure and the purpose for which it is 
intended. The decision on whether to use gas welding or arc weld- 
ing is more difficult to make although in some cases either method is 
equally satisfactory. General rules limiting the use of either method 
will be given in this section and that following on arc welding; the 
advantage of each over the other is listed in the respective sections. 

Gas welding is usually preferred to arc welding for light gage 
sheet parts (less than 0.1 inch thick) which are not highly stressed. 
Fit-up is not critical for gas welding; for example, it is possible to 
weld parts together where gaps as large as six times the material 
thickness (up to a maximum of % inch) occur. This is a definite 
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advantage in fitting up complicated formed parts where the accurate 
fit-up required for arc welding is difficult to obtain. The closer fit- 
up for arc welding requires the use of fairly elaborate jigging where- 
as gas welding is accomplished with the minimum jigging required 
to hold the parts in proper alignment. The consensus of opinion is 
that gas welding requires less technique than arc welding on the part 
of the operator and is therefore somewhat easier to use. The cost 
of arc welding is slightly higher than gas welding due to the present 
price level on inert gases. This, however, is offset to some extent 
by the flux removal operations necessary for gas welding. It is not 
necessary to stress relieve gas-welded M alloy assemblies. This is 
required in arc-welded assemblies to eliminate the danger of locked- 
up stresses. Gas-welded alloy J-1 and FS-1 assemblies should be 
stress relieved the same as arc welds. Stress relief methods will be 
discussed in the following section on arc welding. 

Alloy M is readily gas weldable. Gas welds in FS-1 and J-l 
must be limited to free welds, otherwise cracking is liable to occur. 
Gas welding is preferably limited to joining like alloys although suc- 
cessful welding may be done if the materials have the same alloying 
constituents and their melting points are nearly equal. When cast 
fittings are welded to wrought structures the casting should prefer- 
ably be made from the same alloy as the wrought material. 

Gas welds are limited to butt type joints or corner joints which 
do not result in flux entrapment such as occurs in lap joints, edge 
joints or plug type welds. This requirement must be strictly ad- 
hered to as the flux used in welding is an active corroding agent in 
the presence of moisture and when left in contact with magnesium 
will invariably result in trouble. If Tee welds are made by gas 
welding, the weld should be made from one side and penetration 
should be sufficient to push the flux from between the abutting sur- 
faces. All joints should be limited to gages which can be welded 
in a single pass as flux entrapment is apt to occur when a weld is 
refluxed for multiple pass welds. The maximum sheet thickness 
which can be butt welded in a single pass and which therefore limits 
the maximum gage sheet which should be gas welded is 0.25 inch. 

Standard lightweight aircraft type welding torches are used for 
welding magnesium alloys. Tip sizes with orifices ranging from 
0.035 to 0.081 inch are used depending on the gage sheet being 
welded. 


Various gases and mixtures of gases are used with oxygen for 
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welding magnesium alloys. Acetylene gas is satisfactory for weld- 
ing gages heavier than 0.064 but normally is not used on thinner 
sheet as the flame is too hot and therefore difficult to control. Acet- 
ylene also causes pitting on the weld bead surface which is probably 
caused by the effect of its high temperature on the flux. The pitting 
is not particularly harmful but it does give an inferior appearance. 
Carbohydrogen gas (a mixture of hydrogen and methane) is ideally 
suited for welding magnesium alloys, particularly in the thinner 
gages, but is difficult to obtain in certain parts of the country. It 
has a lower flame temperature than acetylene and is very easily regu- 
lated. If this gas is used in welding heavy sheet small amounts of 
acetylene are sometimes mixed with it to increase the flame tempera- 
ture. Mixtures of hydrogen and acetylene are also used satisfac- 
torily and offer a means of welding light sheet when carbohydrogen 
is not available. Unmixed hydrogen is not usually used because of 
the difficulty of adjusting the flame. In using all of the above gases 
the torch should be adjusted so the flame is neutral or slightly re- 
ducing. 

The flux used to prevent oxidation while welding may be ob- 
tained from manufacturers of magnesium products. Dow No. 460 flux 
is recommended for welding with all types of gases. A second flux, 
Dow No. 450, is also available but it is suitable only for oxyacetylene. 
Even though No. 450 flux results in more surface pitting than No. 
460 flux, some users prefer it because it has a higher fluidity than 
No. 460 flux, it being similar to aluminum welding fluxes in this re- 
spect. These fluxes are in powder form when purchased and are 
mixed in the proportion of one part water to two parts powder by 
volume to obtain a paste suitable for brushing on the weld area. 
As the fluxes are hygroscopic they should be stored in closed glass 
bottles until ready for use. 

Various diameter extruded welding rod is available in all alloys. 
The rod should be of the same alloy as the material being welded 
but in case it is not available an alloy with slightly lower melting 
point may be used. If it is necessary :to weld different alloy mate- 
rials together, rod having the composition of the lower melting, point 
material should be used. The recommended range of sheet gages on 
which a given size rod may be used is listed in Table VII. 

All grease, oil, dirt, and other foreign matter should be cleaned 
from parts to be welded by means of solvents or alkaline cleaners. 
Unpickled sheet may be welded without further cleaning but sheet 
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Table VII 
Rod Size Versus Sheet Thickness 


Rod Diameter Sheet Gage 


Inches Inches 
as ot ei al dade dbk Ries eee up to 0.064 
cena che aks aba Oss shoo <i0v ebck ad tes tien 0.051 to 0.128 


Ch a AEE Snark 6 e'ae-es > ¢ iene da via able eeehaw vob 0.091 to 0.25 


which has been chrome pickled should be cleaned free of the coat- 
ing by means of steel wool or a wire brush. Pickled sheet is some- 
times welded without cleaning but the chromates cause porosity in 
the weld metal and impair the free flowing characteristics obtained 
with bare surfaces. Sheet protected with a special ‘in process” pickle 
applied by a 1-minute dip in a bath composed of 15 to 20 per cent 
chromic acid and 3 per cent of calcium, sodium, potassium, or mag- 
nesium nitrate (this is the same bath used to remove graphite from 
formed parts) can be welded as well as bare material. This treatment 
may be used to protect parts in storage and serves as well as a 
chrome pickle as a protection from corrosion. (Note: This pickle 
is not used as a finish treatment due to the poor paint adhesion it 
affords). 

Sheet up to % inch in thickness can be welded with square 
edges. Sheet over % inch should be beveled on one side to form an 
included angle of approximately 90 degrees. The vee should not 
extend through the sheet but should have about a +y-inch flat or land 
remaining to provide better fit-up conditions and to eliminate the 
sharp edge from melting away as soon as heat is applied. 

Jigs should be provided to hold the sheet in good alignment for 
tack welding. The usual practice is to remove an assembly from a 
jig after tack welding and finish welding without a jig. Sheets of 
the same gage up to a thickness of 0.064 inch are normally butted 
flush for welding. Sheets from 0.064 to % inch thick are set up 
with a gap approximately equal to the metal thickness being welded. 
Beveled sheet from % to % inch thick should be set up with a gap 
of 7; inch. When sheet thinner than 0.064 is butted to sheet thicker 
than 0.064 no gap is provided. 

Cast fittings or fittings machined from extruded stock are 
preferably provided with a flange about the same thickness as the 
sheet into which they are to be welded to eliminate trouble with the 
sheet melting away before a heavy fitting section could be heated 
to the temperature required for fusion. Parts of a weld jig for lo- 
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cating fittings should be made adjustable in a direction perpendicular 
to the surface of the sheet in which a fitting is to be welded. This 
is necessary because the sheet edge may move in or out when it is 
heated, depending on the shape of the part, and the fitting must be so 
held that while the welding is being accomplished good line-up of 
the fitting flange and sheet may be obtained. For example in weld- 
ing a fitting in the end of a 14-inch hemispherical tank head it is nec- 
essary to set the casting about ;%; inch above the sheet surface when 
the head is cold to allow for expansion during welding. After the 
proper location to obtain alignment is determined experimentally the 
casting locator is locked in place. 

Parts to be welded are fluxed on both sides of the sheet at the 
point tack welds are to be placed, the distance between tacks being 
from 1.5 to 6 inches apart, depending on the shape of the parts being 
welded and the gage sheet being used. If the welding rod surface 
is dirty or badly oxidized it should be cleaned with steel wool. The 
rod is fluxed and the tacks are made after which the weld area on 
both sides is fluxed and the joint completed. In starting the weld 
the torch flame is moved over the point at which the bead is to be 
started until the flux has been thoroughly dried: The actual manipu- 
lation of rod and torch is very similar to that employed in welding 
aluminum, in fact welders familiar with aluminum have made good 
welds in magnesium alloys the first time they tried to weld it. If 
an incompletely fluxed area starts to burn while the bead is being 
run the torch should be removed and the burning will stop imme- 
diately. The burned area should be scraped clean and refluxed be- 
fore the weld is continued. 

On completion of a bead the torch should be played on the work 
for a few seconds to allow the stopping point to cool slowly. If this 
is not done the rapidly cooling weld metal may contract locally and 
result in a small pit or crater. 

Fig. 24 shows a cast fitting being tack welded in assembling an 
M alloy tank. The jig being used locates all fittings accurately with 
respect to each other. After all fittings are tacked in, the assembly 
is removed from the jig and the castings are welded in place. After 
the part is welded all traces of flux should be removed from acces- 
sible areas by scrubbing the weld area with hot water and a steel 
wire brush. Normally this operation may be postponed up to an 
hour after welding when No. 460 flux is used. As this flux is hygro- 
scopic and corrosion wil] appear rapidly when it absorbs moisture, 











1945 WROUGHT MAGNESIUM ALLOYS 275 


however, on days when the humidity is high the cleaning operation 
should be accomplished as soon as possible after the weld is made. 
No. 450 flux, as well as other fluxes other than No. 460 flux which 
have been used, are so hygroscopic that immediate washing is neces- 
sary regardless of humidity conditions. Following the scrubbing the 
parts are given a No. | treatment or an “in process” pickle depending 
on the alloy and final treatment the part is to have. If a part is to 





Fig. 24—Gas Welding Operation on a Ma Alloy Oil Tank. 


be finished with a No. 1 or a No. 10 treatment the No. 1 treatment 
is used providing further welding is not required. If the part is a 
sub-assembly and further welding is required or if it is to receive a 
No. 7 treatment the “in process” pickle is used. As mentioned before 
the “in process” pickle need not be removed for welding. The No. 1 
treatment does not detract from the protection afforded by a No. 7 
treatment but it does change its appearance. The “in process” pickle 
will not affect the No. 7 treatment in any way. 

After the assembly has been completely welded and pickled it 
should be given a 1 to 2-hour boil in a 5 per cent solution of sodium 
dichromate to effect complete removal of any surface flux and to 
provide additional surface protection. This boil serves to remove 
flux which cannot be removed in the scrubbing operation as, for 
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example, when a head.is attached in finishing a tank assembly. It 
is used only after an assembly has been completed and is not neces- 
sary on sub-assemblies to be stored except for removal of flux from 
inside seams which cannot be scrubbed. 


Arc WELDING 


The use of arc welding in preference to gas welding is often 
dictated by the type of joint required. While gas welding must be 
limited to butt type joints to insure removal of the corrosive flux 
used, arc welding, which utilizes an inert gas shield to prevent oxida- 
tion of the material instead of a flux, can be used on lap joints, fillet 
joints, and all other joints such as those commonly used in steel arc 
welding. As multipass welds are permissible there is no top limit 
on the material thickness which may be welded as there is in gas 
welding. Generally arc welding is preferred to gas welding in ma- 
terial over 0.1 inch thick due to the faster welding rate obtainable. 

Arc welding is preferred for parts where warpage must be held 
to a minimum. The reduced warpage is effected by the higher heat 
available with the arc which enables fusion temperatures to be 
reached with less diffusion of heat to adjacent metal. 

Arc welding is employed where maximum strength joints are 
required in alloy M and J-1 structures. The strength of gas-welded 
FS-1 sheet is approximately the same as when arc welding is used. 
A comparison of the efficiencies which may be obtained with butt 
welds made by both methods is given in Table VIII. 














Table VIII 
Efficiency of Gas and Arc Welds 
Gas Weld* Arc Weld* 
Efficiency Efficiency 
Alloy ——————— Per Cent————_, 
-1 90 95 
65 70 
FS-1 90 90 


*Efficiency with bead as welded. If bead ground flush the efficiencies will be 5 to 10 
per cent lower. 


All wrought materials except FS-1 sheet have good arc weld- 
ability. FS-1 sheet has a limited application for arc-welded struc- 
tures, but as in gas welding, restrained welds must be avoided or 
cracking may result. 

In arc welding magnesium alloys the arc is struck between a 
tungsten electrode and the work much in the manner used in the 
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carbon arc welding of steel. While welding is in progress the arc 
is enveloped in an inert gas shield which excludes oxygen from the 
weld area and therefore prevents oxidation of the heated metal. 
This inert gas is applied by flowing it into the weld area from a cup 
surrounding the electrode. The function of a torch for arc welding 
magnesium alloys is to hold the electrode and cup and to carry the 
welding current and shielding gas. A valve is provided in the torch 
handle to control the flow of inert gas to the work. 

Both helium and argon have been found satisfactory for shroud- 
ing the arc, the choice of gas depending largely on the price of each 
and the type of welding for which it is to be used. It has been 
determined that about three times more helium by volume than argon 
is required for a given amount of welding; therefore, once the cost 
per cubic foot of each is determined the price advantage can be 
readily computed. Helium does not require as close an arc length 
as argon, therefore it is somewhat easier for a welder to use. The 
automatic voltage regulator on an automatic welder does not func- 
tion when argon is used. It must be disconnected and the weld 
made with a set arc length. When helium is used the regulation is 
satisfactory and fully automatic welding may be accomplished. 

D.C. and rectified A.C. arc welding machines of 100 to 200- 
ampere capacity are normally used for inert gas are welding of mag- 
nesium alloys. The machine should be of the stable arc type and 
should be equipped with a continuous ampere regulator to provide 
adequate current control. Reversed polarity (electrode positive and 
work negative) is required as straight polarity results in a wild 
arc unsuitable for welding. Use of a straight A.C. machine also 
results in a wild are. 

Various materials have been tried for electrodes but tungsten is 
the only one which has proven entirely satisfactory. Electrodes 
ranging in size from 35 to % inch in diameter are used. The elec- 
trode should extend from % to 3% inch beyond the end of the gas 
cup for normal welding. It may be extended beyond % inch to 
reach tight corners. The length should not exceed ¥% inch except 
for special cases, however, or excessive gas will be required to main- 
tain a proper shield. 

The filler rod should preferably be of the same alloy as the 
material being welded. Sizes of filler rod ranging from 34; to % inch 
in diameter are adequate for making welds in any size material. 

Accurate control of inert gas flow is obtained by means of an 
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oxygen therapy regulator or a flowmeter used in conjunction with a 
standard oxygen or hydrogen regulator. The reading obtained with 
a flowmeter designed for giving oxygen flow in liters per minute 
can be converted to helium flow in cubic feet per minute by divid- 
ing the reading by 10. 

Table IX gives data required for are welding various gages 
of magnesium alloy sheet. 

In preparing sheet for welding it is essential that all oil, grease, 
chemically treated surfaces, oxide films, and other impurities be re- 
moved from the weld area. This may be accomplished by use of 
solvents and steel wool or by scraping. Where a weld is made from 
one side of a sheet the oxide coating on plain sheet or the pickled 
surface on a chemically treated sheet should not be removed from 
the bottom side of the sheet as these surfaces are beneficial in con- 
trolling the dropdown of the weld. 

Sheet up to 0.1 inch thick is welded with a square butt joint. 
Material from 0.1 to ;*; inch thick is beveled from the welding side 
to about a 90-degree vee which extends sufficiently far into the sheet 
so a ;;-inch land or flat remains. Sheet over ;*%; inch thick should 
be welded from both sides wherever the nature of the structure per- 
mits as sounder welds may be obtained and less warpage results. 
For a double vee joint the 90-degree included angle should extend 
from both sides so as to leave a 7-inch land in the center of the 
sheet. When welding a double vee joint the back of the first bead 
should be chipped out using a chipping hammer fitted with a cape 
chisel (a rotary file may be used but the chipping hammer is much 
faster) to remove oxide film, dirt, and incompletely fused areas 
before the second bead is added, if maximum soundness is to be 
obtained in the weld. Chipping of the back side of a weld is also 
used in some cases where welds are made from one side in heavy 
material for the same reasons as those listed for a double vee weld. 

In making Tee welds the leg of the Tee is not veed if it is under 
0.080 thick. Thicker material should be single or double beveled 
to an open angle of 60 degrees, leaving about a ;);-inch land at the 
base. Single bevels are used on material up to ;% inch thick to be 
continuously welded and double bevels used where material over 
7s inch thick is to be continuously welded. Where stagger tack weld 
Tee joints are used and the leg of the Tee is over 0.08 it is beveled 
to a 60-degree angle halfway through the sheet at the points the 
tacks are to be placed. 
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Table IX 
Arc Weld Data 


Current Amps.! Tungsten Electrode? 
Thick- Alloys Filler Rod --Diameter in Inches— 
ness J-1, FS-1 Diameter Helium Flow J-1, FS-1 
Inches and O-1 Alloy M Inches Cu. Ft./Min. and O-1 M 
0.030 15- 25 20- 30 ss 0.3 to 0.6 oa oa 
0.040 20- 30 25- 35 ga 0.3 to 0. sa oa 
0.050 20- 35 30- 45 oa 0.3 to 0.6 dz or % 
0.060 30- 45 40- 55 dx or % 0.3 to 0.6 gz or % \% 
0.070 45- 60 50- 65 \% 0.3 to 0.7 \% \% 
0.080 55- 70 65- 80 ie 0.3 to 0.7 % or +s ts 
0.090 60- 75 70- 85 y 0.3 to 0.7 % or +s vs 
0.100 70- 90 80-100 le 0.4 to 0.8 ts ts 
0.125% 75-100 85-110 ¥% or ¢y 0.4 to 0.8 ts ts 
0.150 80-110 90-120 fy 0.4 to 0.8 ts fs or % 
0.2004 70- 90 80-100 0.4 to 0.8 ts ts 
0.250 80-100 90-110 as or +5 0.4 to 0.8 ts ts 
0.5005 90-120 100-130 #3 OF ys 0.5 to 1.0 fs or % fs or % 
0.750° 110-140 120-150 ts or % 0.5 to 1.0 4 A, 
1.000 120-150 130-160 fs or % 0.5 to 1.0 Yor% Yor % 


1Currents given are for welding speeds of approximately 12 inches per minute in single 
pass welds. In multiple pass welds the welding speed per pass is higher. ‘ 

2The inside diameter of the inert gas cup eana correspond to the tungsten diameter as 
follows: %- and ¥y-inch electrode—j4-inch cup. -inch electrode—™%-inch cup. %-inch 
electrode—-inch cup. %-inch electrode—%-inch cup. 

8Sheet 0.1 to 7 inch thick beveled from one side of sheet. 

4Sheet over 7 inch thick beveled from both sides of sheet. 

5Multiple pass welds in sheet over % inch thick. . 

*In welding material % inch thick or heavier it is desirable to preheat the material to 
500 to 600 degrees Fahr. (260 to 316 degrees Cent.) to increase the welding rate. 





Jigs for arc welding are usually more complete than those used 
in gas welding. The entire welding operation is normally completed 
in the weld jig instead of being removed from the jig after tack 
welding as is the case in gas welding. Fit-up for welding must be 
quite accurate as gaps in the sheet make it difficult to shield the weld 
properly. The function of an arc welding jig is to hold the parts 
being welded in proper alignment, to keep the weld gap as small as 
possible, to hold the parts in the proper relative location to each other, 
and to keep warpage to a minimum. 

When parts are properly jigged the bead is run directly with- 
out tacking the sheet prior to the operation. Tacks, of course, must 
be used when jigs are not furnished to hold the sheet in the correct 
position for welding. 

In starting a weld the correct machine settings, inert gas flow, 
etc., are set as shown in Table IX. The inert gas valve is opened 
before the arc is struck. After the metal under the arc becomes 
molten the filler rod is fed to the arc, the actual manipulation of the 
torch and rod being quite similar to that used in gas welding. The 
torch should be held as nearly perpendicular to the sheet as possible 
in order to obtain the maximum shielding effect with a minimum 
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amount of gas. The filler rod should be held at an angle of at least 
60 degrees from the torch to prevent the reflected heat from the 
electrode causing the rod to melt prematurely and cause an uneven 
bead and poor penetration. 

After parts are welded residual stresses as high as 15,000 pounds 
per square inch may exist in areas near the weld beads. It is nec- 
essary that these stresses be relieved after welding and this may be 
accomplished readily by heating the structure in accordance with 
the temperature and time listed in Table X. 


Stress Relief Data for Arc-Welded Magnesium Alloys 





Temperature 
Alloy Degrees Fahr. Time at Temperature 
FS-la 500 15 minutes 
FS-1h 265 1 hour 
Ma 500 15 minutes 
Mh 400 1 hour 
-la 500 15 minutes 


-lh 400 1 hour 


Stress relief in the case of FS-1 alloy and even more so in the 
case of J-1 alloy is essential so that locked-up stresses will not cause 
stress corrosion cracking. While M alloys are only slightly suscepti- 
ble to stress corrosion it is believed good practice to relieve the re- 
sidual stresses to prevent distortion in service and to eliminate any 
possibility of stress corrosion. 

Stress relieving operations are usually accomplished by placing 
the structure in a jig to prevent distortion during the operation be- 
fore placing the assembly in an oven. In starting a new job it is 
advisable to attach thermocouples to the part so the time required 
to reach stress relieving temperatures can be accurately determined. 
If steel is used in a jig for stress relieving it must be designed to 
allow for the greater expansion of the magnesium alloy or the size 
of the part may be affected. In the case of large structures or where 
parts of the structure cannot be heated to the required temperature 
because of other materials in the structure, stress relieving may be 
accomplished by use of electrically heated metal forms clamped to the 
weld area. 

After stress relieving, the weld area is wire brushed to remove 
the oxide film left on the bead and the part is ready for chemical 
treatment. As no flux is used the scrubbing operation and sodium 
dichromate boil required for gas welding is not necessary. 
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BoNDING CEMENTS 


While no actual production of magnesium alloy structures in- 
corporating high strength bonding cements have been made, an 
extensive program on this material has been run and it is expected 
it will be placed in use in the near future. Strengths which compare 
very favorably with those obtained in aluminum alloy joints are 
reached in magnesium alloy joints. 

Virtually the same technique used in applying the cement to 
aluminum alloys is used for magnesium alloys. The best method 
of surface preparation prior to coating the surfaces to be bonded 
is still being studied. Slightly stronger joints can be obtained by 
lightly wire brushing the surfaces to be joined, followed by an 
alkaline clean in a boiling 6-ounce-per-gallon solution of sodium 
metasilicate or other suitable alkaline cleaner, than by applying the 
cement over chemically treated surfaces. The latter method, how- 
ever, would be more advantageous from an economic and corro- 
sion protection standpoint. As parts cemented with clean surfaces 
can be pickled satisfactorily after the joint is made, however, the 
amount of additional protection afforded by having a treated surface 
under the bond is questionable. 


RESISTANCE FLASH WELDING 


This method of joining the ends of bars, tubing, etc., has not 
been used extensively in joining magnesium alloys although adequate 
experience has been obtained to prove the process is feasible. Joint 
efficiencies ranging from 85 to 95 per cent have been obtained in 
alloys FS-1, J-1, and O-1. It is difficult to obtain good welds in 
alloy M (probably because of its very narrow freezing range). 
More extensive work with this material may result in a successful 
method but experience has indicated it should not be flash welded. 

Butt welding (current applied after the pieces to be joined are 
butted together) is not as successful as flash welding. Higher current 
is required, it is slower, and the parts to be welded must be more 
carefully fitted. It also results in hot shortness and the formation of 
an oxide film between the parts. 

Because of the high heat conductivity of magnesium alloys a 
very rapid “pushup”’ is required. Best results are obtained with au- 
tomatic motor operated machines which permit rapid pushup and 





ser hella me ae 


282 TRANSACTIONS OF THE A. S. M. Vol. 35 


give a constant acceleration for maintaining the arc during the flash- 
ing period. As magnesium alloys have relatively low electrical re- 
sistance high current is required, for example in welding 0.5-inch 
round bars, from 13,500 to 17,000 amperes are needed. 

It is not necessary to clean oxide from the surfaces to be welded 
or from the surfaces in contact with the clamping die. Care, how- 
ever, should be taken to remove dirt which might cause burning on 
a surface held in a clamping die. 


CONCLUSION 


It is hoped the foregoing discussion will be of assistance to 
those who have not been intimately associated with the working of 
magnesium alloys in obtaining a better understanding of the methods 
used in forming and joining magnesium alloy parts and structures. 

Constant development work is being conducted to simplify heat- 
ing problems encountered in forming operations, to more clearly de- 
fine the limitations of various metal working methods, to improve 
joining practice, and in general to establish the technique required to 
take full advantage of the high strength-weight ratio of magnesium 
alloys. 


DISCUSSION 


Lestige W. Bat_:* The manufacture of structures from wrought mag- 
nesium sheet by means of heliarc welding can be greatly assisted by X-ray 
studies of sample structures. Our Laboratory’s experience has shown that 
radiography of magnesium welds reveals a great deal of information about the 
quality and structure of the welds, even more so than in the case of steel welds. 

In several cases we have tried X-ray micrographs as a method of ex- 
amining the structure of welded magnesium products. In addition to the normal 
information about oxide, etc., this method reveals the distribution of the man- 
ganese constituent and thereby provides a method of measuring the extent of 
some modifications due to heating. 

Joun A. Maropicx:’ I would like to ask the author two questions. These 
are: (1) Which magnesium alloy is best suited to perform the following fabri- 
cation operations: forming, drawing, and spinning? (2) Which magnesium 
alloy is easiest to weld by the heliarc or gas welding method? 


Author’s Reply 


Replying to Mr. Ball, we have had no experience with X-ray micrograph 
examination of welds in magnesium alloys but we have had considerable ex- 


1Assistant technical director, Triplett and Barton, Inc., Burbank, Calif. 
*Research associate, Revere Copper and Brass Incorporated, Baltimore, Md. 
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perience with industrial radiography and have found it to be useful in inspection 
of arc welds, gas welds, and spot welds. We have not observed manganese 
segregation by means of radiography except in the case of spot welds where 
the manganese appears as a light ring around the weld. 

In answer to Mr. Mardick’s first question, Dowmetal Ma and Dowmetal 
FS-la are the best magnesium alloys from the standpoint of forming, drawing, 
and spinning. As mentioned in the text of the paper under a discussion on the 
various alloys Ma is slightly superior to FS-la for drawing operations while 
FS-la has somewhat better bending qualities. 

In reply to Mr. Mardick’s second question, both Dowmetal M and Dow- 
metal J-1 sheet and extrusion may be welded by the helium arc welding meth- 
od very satisfactorily. There have been some opinions expressed that one alloy 
welds better than the other but in all cases it was found that the person making 
the statement was used to working with one of the alloys and not the other 
and developed preference because of familiarity. FS-1 extrusion may also be 
arc welded satisfactorily but FS-1 sheet must be restricted to relatively sim- 
ple welds. Dowmetal M is the best alloy for gas welding. 
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A NEW METALLOGRAPHIC ETCHANT FOR ALUMINUM 
BRONZE AND COPPER-BERYLLIUM ALLOYS 


By W. C. Coons anv D. J. BLICKWEDE 


Abstract 


Various recommended etchants were used on alu- 
minum bronze alloys, none of which gave completely 
satisfactory results. In the course of these trials, a1 per 
cent aqueous chromic acid solution used electrolytically 
was found to give the desired etched surface on aluminum 
bronzes in the composition range of 10 to 13 per cent 
aluminum and in all states of heat treatment. No acicular 
beta or beta prime constituents were encountered in the 
aluminum bronzes investigated, but it is believed that the 
proposed etchant would etch such microstructures sat- 
isfactorily. 

Trials were also made using this etchant on copper- 
beryllium alloys and excellent results were obtained par- 
ticulary in that the precipitation hardening stages were 
clearly delineated in the photomicrographs. 


INTRODUCTION 


LUMINUM bronzes are copper-base alloys which usually con- 
tain 5 to 14 per cent aluminum and up to 5 per cent iron, man- 
ganese, silicon, or nickel. These alloys have found wide use in in- 
dustry because of their high strength and hardness in the cast state, 
capacity for hardening and strengthening by heat treatment, excep- 
tionally good corrosion resistance, good retention of hardness, scale re- 
sistance at elevated temperatures, good wearing qualities when used 
with steel, and lower density than other copper alloys. However, 
to obtain properties of these alloys which meet the specifications of 
the designing engineer, close control over the chemical composition 
and the heat treatment is an absolute necessity. The equilibrium di- 
agram for aluminum bronze alloys in the aforementioned range 
shows that small deviations in chemical composition or heat treatment 
‘The authors are associated with the Engineering Materials Laboratory, 


Curtiss-Wright Corp., Propeller Division, Caldwell, N. J. Manuscript received 
August 22, 1944. 
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from specified limits will readily change the microstructure, thereby 
producing effects contrary to those required. 

As an illustration of this fact, consider the aluminum bronze 
having a composition of 9.5 per cent aluminum, balance copper. 
This alloy would be at the boundary of the single and 2-phase re- 
gions of the equilibrium diagram shown in Fig. 1. Alloys with alu- 
minum contents lower than 9.5 per cent would consist, under 








oe a 8 8 JO f2 14 146 «8678 
Aluminum, Par Cent 


Fig. 1—Copper-Aluminum Constitutiecn Diagram, MeEta.s 
HANDBOOK, 1939 Edition, p. 1342 


equilibrium conditions, of only alpha solid solution; while those alloys 
with aluminum contents greater than 9.5 per cent but below 11.8 per 
cent, under equilibrium conditions, would consist of an eutectoid 
of alpha and delta solid solutions in a matrix of alpha. However, in 
commercial heat treatments, equilibrium conditions are not obtained, 
and usually a transformation product called “acicular’ beta (1)* is 
retained at room temperature together with varying amounts of alpha 
and alpha plus delta eutectoid, depending on the cooling rate. Since 
the constituents “acicular’” beta, alpha, and delta have different 
mechanical properties, the amounts and distribution of the con- 
stituents in the miscrostructure, as controlled by the chemical anal- 
ysis and heat treatment, will determine to a great extent the ultimate 
properties of the alloy. 

Among others, an important function of the metallographist is to 
determine from the microstructure of a specimen whether or not it 
has been properly heat treated to give the desired physical properties. 
To attain any degree of accuracy in studies of this kind, not only does 


'The figures appearing in parentheses pertain to the references appended to this paper. 
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the specimen have to be representative and well polished, but the 
etchant used must reveal the true structure of the metal. 


HIstTory 


The above fact became manifest in the course of an investigation 
of defective propeller parts made from aluminum bronze: The alloy 
investigated had a chemical composition in the following range: 


Aluminum ..... 10.5 to 11.2 Per Cent 
ee a ee ke 3.0to 4.0 Per Cent 
Sarai 0.4 Per Cent Maximum 
a eee Balance 


Metallographic examination of representative samples of these parts 
was obstructed by the unsatisfactory results obtained with the con- 
ventional etching reagents and the lack of metallographic data on 
alloys of the specified composition and grain size. Available literature 
on copper-aluminum alloys was investigated, but no information 
directly applicable to the specific problem was found. Consequently, 
it was decided to initiate a test program in which the micro- 
structures of aluminum bronzes of the compositions given above could 
be correlated with various heat treatments and the resultant physical 
properties. 

The effect of the iron in the alloys under question is a “negative 
replacement effect” on the aluminum content, in which 1 per cent 
iron will normally effect a0.05 to0.12 per cent downward displacement 
of aluminum (2). As a result of this effect, the exact temperature at 
which a homogeneous beta phase is produced on heating was not 
known. Therefore, this temperature and the proper cooling rate and 
draw temperature required to produce the desired physical properties 
had to be determined. In this manner, specifications eventually could 
be prepared which would enable control laboratories to inspect easily 
the heat treated product not only from the standpoint of hardness 
but of microstructure as well. Thus a “double check” on the alloy 
would be obtained, which is the usual procedure in metallurgical 
laboratories. 

In such a specification, it was an absolute necessity to establish 
a metallographic etchant for aluminum bronze which would give re- 
liable results and at the same time readily reproduce the same etched 
condition on a series of specimens. Moreover, the etchant had to be 
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easy to use for inexperienced metallographers, an important item 
considering the present man-power situation. 


SPECIMEN PREPARATION 


In the metallographic preparation of all the specimens used in 
this work, regardless of the etching technique, a well prepared, 
scratch-free surface was produced in the following manner: 


1. Specimens were mounted in Bakelite. 

2. Specimens were rough ground on a vertical wet grinder 
having a coarse and fine wheel with a speed of 1750 revolu- 
tions per minute. The two wheels were Norton’s alundum 
Nos. 3860 J and 150 N, respectively. 

3. Specimens were then fine ground on two lead lap wheels using 
American Optical Company’s abrasive Nos. 302 and 303%, 
respectively, the latter of which produced the finer scratches. 
The speed of both wheels was 250 revolutions per minute. 

4. Grinding was completed on canvas cloth to which a mixture 

of distilled water and 600-mesh carborundum was added. 

The speed of this wheel was also 250 revolutions per minute. 

5. Preliminary polishing was conducted on a silk cloth with a 
speed of 1150 revolutions per minute, using chrome oxide 
as the polishing medium. 

6. Final polishing was accomplished on “gamal” cloth (dis- 
tributed by Eimer and Amend Company), with the polishing 
medium likewise chrome oxide. The speed of this wheel 
was 850 revolutions per minute. 

. Prior to etching, the aluminum bronze specimens were rinsed 
with alcohol and dried under an air blast. 


N 


ETCHANT TRIALS 


The first attempt to etch specimens of aluminum bronze prepared 
by the method described above was to rub them with cotton soaked 
in a solution of the following composition: 


NH.OH (sp.g.0.91) ....... 5 parts 
H;Os (3 percent) ......... 2 parts 
BE tektnees bos cave cate 5 parts 


This etchant and its use are described in the METALS HANDBOOK 
(3). Microexamination at low magnification of a series of specimens 
etched in this manner revealed the gross differences in microstructure 
However, good contrast between individual constituents at high 
magnifications was not obtained. An attempt to eliminate this con- 
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dition by repeated polishing and etching, as frequently used with 
steel, did not result in any success. 

It was believed that rubbing the specimen during the etching 
process had blurred the etched surface. Consequently, the specimens 
were etched by dipping them in the aforementioned solution. As 
with the previously discussed method of etching, poor contrast was 
noted at high magnification which was not eliminated by repeated 
polishing and etching. 

The results obtained with the two etching techniques indicated 
that for good contrast between individual constituents some etchant 
containing neither ammonium hydroxide nor hydrogen peroxide 
should be used. Therefore, an investigation was made of all the 
available literature distributed by manufacturers of copper-base alloys 
for another etchant which would yield satisfactory results. Aside 
from the ammonium hydroxide-hydrogen peroxide solutions, the most 
commonly used etchant appeared to be a ferric chloride-hydrochloric 
acid solution. This solution was also recommended in the MeETats 
HANDBOOK (3) in various compositions. Following the techniques de- 
scribed in this reference, the authors obtained etching results on the 
aluminum bronze specimens which were considerably improved over 
those previously produced with solutions containing ammonium 
hydroxide and hydrogen peroxide. Nevertheless, desired results 
were not produced, and further investigation of the literature was 
deemed necessary. 

A statement by Berglund (4) indicated that for an aluminum 
bronze alloy having a composition of 8.8 per cent aluminum, 3.7 per 
cent iron, and 87.5 per cent copper, good results were obtained with 
an etchant having the following composition : 


HNOs (sp. g. 1.42) .......... 5 ml 
SRR RP ae pe Ss oy EE 20 g. 
H:0 Cones oeeedecuscecoveecees 75 ml 


This etchant was tried on the subject specimens and favorable re- 
sults were obtained. However, it made visible scratches which other- 
wise were not apparent. Also the solution was nearly opaque and it 
was impossible to observe the etching reaction, thereby causing 
difficulty in reproducing the etch on a series of nonidentically heat 
treated specimens. 

Two other etchants, a cold 10 per cent solution of ammonium 
persulphate suggested by Stockdale (5) and a saturated aqueous 
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solution of chromic acid suggested by Berglund (4), were then 
tried but gave very poor results. The first considerably overetched 
the specimens in | second, while the latter only slightly attacked the 
specimen after 2 minutes’ immersion. 

Proceeding on the basis of the fact that the etching of copper- 
base alloys is an oxidizing reaction, it was thought that an electrolytic 
etchant with an aqueous solution of chromic acid as the electrolyte 
would produce results comparable to those obtained with nitric acid 
plus chromic acid. Using a 20 per cent solution of chromic acid with 
a voltage of 6 volts D. C. and an aluminum sheet as the cathode (the 
aluminum bronze specimen was made the anode by touching it with a 
steel pointer), extreme overetching occurred in less than 1 second. 
The electrolyte was further diluted to 10 and 5 per cent chromic 
acid with the etching reaction becoming slower with each trial. Finally 
using a 1 per cent solution with the same voltage and cathode, ex- 
cellent results were obtained. Very good contrast was observed be- 
tween the constituents at low and high magnifications and a candid 
photomicrograph of the structure could be taken. 


RESULTS 


Figs. 2 through 15 are photomicrographs illustrating the action 
of the electrolytic etchant on various specimens of aluminum bronze. 
The etching time for these specimens using the same procedure de- 
scribed in the above paragraph varied from 3 to 6 seconds. 

In all the aluminum bronze specimens investigated for this paper, 
no “‘acicular” beta as described and shown by Smith and Lindlief (1) 
was noted. It is believed that the addition of iron to the alloy in- 
creased the rate of transformation to the extent that this particular 
transformation product did not appear even with the most drastic 
quench used. This follows from the fact that a great part of the 
iron present would react with the aluminum at elevated temperatures 
to form the intermetallic compound, FeAl,, the presence of which 
would aid in the nucleation of the transformation products. No 
samples of aluminum bronze having “acicular”’ beta in the 
microstructure were available. However, it is believed with con- 
fidence that the electrolytic chromic acid reagent etchant would etch 
such a microstructure satisfactorily. 

Smith and Lindlief (1) discuss the formation of another con- 
stituent which they call “beta prime” in an aluminum bronze con- 
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Fig. 2—Aluminum Bronze Containing 10.7 Per Cent Aluminum, 3.5 Per Cent Iron, 
Balance Copper. Furnace-Cooled from 1650 Degrees Fahr. (900 Degrees Cent.). 
Etched Electrolytically in 1 Per Cent Chromic Acid. x 150. Beta Partly Trans- 
formed to Alpha-Delta Eutectoid Plus Alpha Plus Gray Globules of FeAl,. 

Fig. 3—Same as Fig. 2.  X 1000. ; 


Fig. 4—Aluminum Bronze Containing 10 Per Cent Aluminum, 3.5 Per Cent Iron, 
Balance Copper. Air-Cooled from 1550 Degrees Fahr. (845 Degrees Cent.). Etched 


Electrolytically in 1 Per Cent Chromic Acid. X 150. Alpha Plus Small Amounts of 
Delta_in Beta Matrix. 


Fig. 5—Same as Fig. 4. X 1000. Alpha and Alpha-Delta Eutectoid (Black Mot- 
tled) and FeAl, in Beta Matrix. 
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Fig. 6—Aluminum Bronze Containing 10 Per Cent Aluminum, 3.5 Per Cent Iron, 
Balance Copper. Oil-Quenched from 1550 Degrees Fahr. (845 Degrees Cent.). Etched 
Electrolytically in 1 Per Cent Chromic Acid. X 150. Alpha Needles (White) in Beta 
Matrix (Dark). Beta Etches Dark as a Result of Extremely Fine Dispersion of 
Alpha and Delta. 

Fig. 7—Same as Fig. 6, Except Magnification is X 1000. Note that Globules of 
FeAl, in this Case Appear White in the Dark Beta Matrix. White Needles are Alpha. 

Fig. 8—Aluminum Bronze Containing 10 Per Cent Aluminum, 3.5 Per Cent Iron, 
Balance Copper. Water-Quenched from 1550 Degrees Fahr. (845 Degrees Cent.). 
Etched Electrolytically in 1 Per Cent Chromic Acid. X 150. Alpha (White) at Grain 
Boundaries and Along Crystallographic Planes in Beta (Gray) Matrix. 

Fig. 9—Same as Fig. 8, Except Magnification is K 1000. Alpha (White) at Grain 
Boundaries, FeAl; (White Globules) Plus Alpha-Delta Eutectoid in Beta Matrix. 
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Fig. 10—Aluminum Bronze Containing 10 Per Cent Aluminum, 3.5 Per Cent Iron, 
Balance Copper. Quenched in Water from 1600 Degrees Fahr. (870 Degrees Cent.), 
and Drawn at 1170 Degrees Fahr. (630 Degrees Cent.). Etched Electrolytically in 
1 Per Cent Chromic Acid. X 150. Alpha Plus Reprecipitated Alpha (Both White) 
and Delta in Beta Matrix. 

Fig. 11—Same as Fig. 10 Except Magnification is X 1000. Alpha (Primary and 
Secondary) Plus Alpha-Delta Eutectoid Plus FeAl, Globules in Beta Matrix. 

Fig. 12—Aluminum Bronze Containing 10 Per Cent Aluminum, 3.0 Per Cent Iron, 
5.0 Per Cent Nickel, 1.0 Per Cent Manganese, Balance Copper. Furnace-Cooled from 
1650 Degrees Fahr. (900 Degrees Cent.). Etched Electrolytically in 1 Per Cent 
Chromic Acid. x 150. Alpha-Delta Eutectoid Plus (Fe:Ni)Al,; Plus Probably Super- 
cooled Beta (Outlined in Center of Field) in Alpha Matrix. 

Fig. 13—Same as Fig. 12. X 1000. 
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Fig. 14—Aluminum Bronze Containing 11.45 Per Cent Aluminum, 5.23 Per Cent 
Nickel, 4.7 Per Cent Iron, Balance Copper, Cooled in Air from 1650 Degrees Fahr. 
(900 Degrees Cent.). Etched Electrolytically in 1 Per Cent Chromic Acid. X 150. 
Alpha-Delta Eutectoid in Beta Matrix. 

Fig. 15—-Same as Fig. 14, Except Magnification is xX 1000. Note “Bainitic’’ Ap- 
pearance of Alpha Plus Delta Eutectoid. Gray Globules are (Fe:Ni) Als. 

Fig. 16—Copper-Beryllium Alloy Containing 2.60 Per Cent Beryllium, 1.20 Per 
Cent Nickel, and 96.20 Per Cent Copper. Quenched in Water from 1470 Degrees Fahr. 
(800 Degrees Cent.). Etched Electrolytically in 1 Per Cent Chromic Acid. X 150. 
Beta (Gray Outlined) and Nickel-Beryllium (Script) in Alpha Matrix. 

Fig. 17—-Same as Fig. 16 Except Magnification is &K 1000. Beta (Mottled Gray), 
Nickel-Beryllium (Clear Gray) and Gamma Spheroids in Alpha Matrix. 
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Fig. 18—Copper-Beryllium Alloy Containing 2.60 Per Cent Beryllium, 1.20 Per 
Cent Nickel, and 96.20 Per Cent Copper. Quenched in Water from 1470 Degrees Fahr. 
(800 Degrees Cent.) and Drawn 2% Hours at 570 Degrees Fahr. (300 Degrees Cent.). 
Etched Electrolytically in 1 Per Cent Chromic Acid. Magnification: * 150. Partially 
Transformed Beta (Dark), Nickel-Beryllium (Script) in Alpha (White). 

Fig. 19—Same as Fig. 18 Except Magnification is * 1000. Partially Transformed 
Beta (Dark), Nickel-Beryllium (Outlined Gray) and Gamma Spheroids in Alpha Matrix. 
Note Beginning Precipitation of Gamma in Alpha. 

Fig. 20—Copper-Beryllium Alloy Containing 2.60 Per Cent Beryllium, 1.20 Per 
Cent Nickel, and 96.20 Per Cent Copper. Quenched in Water from 1470 Degrees 
Fahr. (800 Degrees Cent.), and Drawn 3 Hours at 570 Degrees Fahr. (300 Degrees 
Cent.). Etched Electrolytically in 1 Per Cent Chromic Acid. X 150. Partially Trans- 
formed Beta (Grey Outlined) and Nickel-Beryllium (White Script) and Gamma Sphe- 
roids in Alpha Matrix. Note Beginning Precipitation of Gamma in Alpha. 

Fig. 21—Same as Fig. 20 Except Magnification is « 1000. Partially Transformed 
Beta (Grey) and Nickel-Beryllium (White Script) in Precipitation Hardened Alpha. 
Note Gamma Particles at Grain Boundaries. 
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Fig. 22—Copper-Beryllium Alloy Containing 2.60 Per Cent Beryllium, 1.20 Per 
Cent Nickel, 96.20 Per Cent Copper. Quenched in Water from 1470 Degrees Fahr. 
(800 Degrees Cent.), and Drawn-for 5% Hours at 570 Degrees Fahr. (300 Degrees 
Cent.). Etched Electrolytically in 1 Per Cent Chromic Acid. X 150. Precipitation 
Complete: Gamma Specks.and Nickel-Beryllium in Alpha Matrix. 


Fig. 23—Same as Fig. 22 Except Magnification is KX 1000. Elongated Particles of 
Gamma and Nickel-Beryllium (Gray Outlined) in Alpha Matrix. 


taining 11.87 per cent aluminum; 0.06 per cent iron; 0.02 per cent 
silicon ; 0.01 per cent tin; balance copper. This constituent appeared 
in the form of rosette shaped particles only on etching with either 
a solution of 50 per cent 0.90 sp. gr. ammonium hydroxide plus 10 
per cent of 9 per cent hydrogen peroxide or the following solution: 


HNO; (1.42sp.gr.) ...... 40 grams 
OR aX Baran c Obs cee ee 25 grams 
| a ee ey 


They found that “beta prime” appeared in specimens isothermally 
transformed at 535 degrees Cent. (995 degrees Fahr.) or lower, and 
in specimens continuously cooled at rates more rapid than 192 degrees 
Cent. per hour. 

At first glance the “beta prime” constituent appears to be present 
as spheroidal particles in the photomicrographs of Figs. 2 to 15. 
However, there was ample proof that these spheroids were not the 
beta prime constituent, but instead the intermetallic compound FeAl,, 
or a complex (Fe:Ni)Al,. First, all of the spheroids were seen on 
the unetched specimens and subsequent etching had no effect on them. 
Second, while a few of the particles were rosette shaped, the 
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majority were globular. Third, all of the particles had a faint bluish- 
gray tinge, both in the etched and unetched condition. Fourth, 
etching the specimens in a 0.5 per cent hydrofluoric acid solution 
blackened the particles, thereby logically establishing them as FeAl, 
or (Fe:Ni)AI, (6). 


UsE OF THE ETCHANT FOR CoppER-BERYLLIUM ALLOYS 


As mentioned previously in this paper, all etchants for copper- 
base alloys are oxidizing agents. Since the 1 per cent chromic acid 
reagent used electrolytically falls under this category, it was thought 
that this etchant with modifications might be successful with other 
alloys than aluminum bronze. The only copper base alloys which were 
available to the authors at the time of this writing were various heat 
treated specimens of copper-beryllium having the following com- 
position : 


Beryllium ........... 2.60 Per Cent 
DE Sahhe's atkins 5.04 ad 1.20 Per Cent 
ee cg oe es 96.20 Per Cent 


Results of using the electrolytic 1 per cent chromic acid etchant 
for 5 seconds on the copper-beryllium were as successful as those 
obtained on the aluminum bronze specimens. Photomicrographs 
and data relating to the heat treatment and microstructure of the 
copper-beryllium alloy are given in Figs. 16 to 23, inclusive. Note 
that the etchant clearly revealed the transformation which occurred 
for different age hardening periods. 


CONCLUSIONS 


The photomicrographs selected for this paper are presented as 
evidence that 1 per cent chromic acid used electrolytically as an 
etchant for aluminum bronze and copper-beryllium is superior to 
those generally recommended for alloys of this type. Its advantages 
lie in its simplicity and effectiveness. Moreover, the etch is quickly 
and surely reproducible on a series of specimens. Care must be 
taken, however, to use distilled water for the solvent as the common 
salts found in tap water produce undesired staining. 

Time was not available for additional trials of the etchant on 
other copper-base alloys. Nevertheless, they are aware of no factors 











1945 NEW ETCHANT FOR COPPER ALLOYS 297 


which would prevent results with other copper-base alloys comparable 
to those obtained with aluminum bronze and copper-beryllium. 
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THE MECHANISM OF FAILURE OF 18 CR-8 NI CRACKING 
STILL TUBES 


By C. L. CLark Anp J. W. FREEMAN 


Abstract 


This paper presents results obtained from a metal- 
lurgical examination of 18 Cr-8 Ni cracking still tubes 
which had been in service for time periods ranging up to 
97,520 hours. In the “as-service’ condition these tubes 
possessed entirely different characteristics for (a) some 
were still ductile on the basis of the flattening test, (b) 
others were brittle but could have their ductility restored, 
while (c) others were permanently brittle. 

On the basis of the results obtained, it ts believed that 
the deterioration and possible actual failure of 18 Cr-8 Ni 
cracking still tubes in service is due to structural changes 
at the grain boundaries which are progressive in nature 
and are dependent on time, temperature and stress. These 
structural changes consist first of the precipitation and 
growth of highly alloyed ferrite due to the decomposition 
of austenite. When these precipitated areas have grown 
to a certain size, cracking, at first nearly submicroscopic 
in nature, will occur under certain conditions of time, 
temperature and stress. When this cracking has occurred 
the tube is permanently brittle but at any time prior to 
the cracking the tube is either ductile or can have its duc- 
tility restored. 


HE austenitic 18 Cr-8 Ni steel has found wide use in the petro- 

leum industry during the past 10 to 15 years as cracking still 
tubes in those units where the corrosion has been very severe, due to 
the processing of the so-called sour crudes. In general the perform- 
ance of this steel has been satisfactory and many of the original tubes 
are still in service after operating time periods up to 100,000 hours 
(11.4 years). In general, the temperature of the tubes in these in- 
stallations has been held to a maximum of 1200 to 1250 degrees 
Fahr. (650 to 675 degrees Cent.). 

A paper presented before the Twenty-sixth Annual Convention of the So- 
ciety held in Cleveland, October 16 to 20, 1944. Of the authors, C. L. Clark 
is research metallurgical engineer, Timken Roller Bearing Co., Steel & Tube 
Division, Canton, Ohio; and J. W. Freeman is research engineer, department of 


engineering research, University of Michigan, Ann Arbor. Mich. Manuscript 
received June 1, 1944. 
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However, during this time period, certain of these tubes have 
actually failed while others have undergone rather pronounced 
changes in their physical properties. As a result of these experi- 
ences with 18 Cr-8 Ni tubes, the following questions can be raised: 


1. Is the failure caused by progressive intergranular oxi- 
dation, or corrosion, either at the normal operating temperature 
of 1200 to 1250 degrees Fahr. (650 to 675 degrees Cent.), or 
during possible relatively short periods of overheating at the 
more elevated temperatures ? 

2. Or is this failure primarily due to structural changes 
which occur within the steel either at normal operating tem- 
peratures or during overheating? If structural change is re- 
sponsible, what is its character? 

3. Why can the ductility of embrittled tubes, as measured 
by the flattening test, sometimes be restored by heating to 1500 
to 1900 degrees Fahr. (815 to 1040 degrees Cent.) while, at 
other times, this treatment is ineffective? 


As a result of.new processes, introduced by the present emer- 
gency, 18 Cr-8 Ni tubes are now operating at metal temperatures up 
to the order of 1650 degrees Fahr. (900 degrees Cent.). This has 
introduced other interesting metallurgical problems but the present 
paper is confined to those cases in which the maximum normal oper- 
ating temperature has been 1200 to 1250 degrees Fahr. (650 to 675 
degrees Cent.). 


MATERIALS INVESTIGATED 


Through the co-operation of certain petroleum companies, crack- 
ing still tubes of 18 Cr-8 Ni were obtained which had been in service 
for time periods ranging from 35,000 to 97,500 hours. Certain of 
these tubes had actually failed in service, some were still ductile, 
others were brittle but could be rejuvenated, while still others were 
permanently embrittled. Pertinent data with respect to these tubes 
are summarized in Table I. 

Insofar as the chemical composition is concerned, all of the 
analyses, except that of Tube A, are within the present range for 
18-8, although there are certain variations in the carbon, chromium 
and nickel contents. It is worthy of note that Tube A, whose car- 
bon content is slightly beyond the 0.08 per cent maximum now per- 
mitted, became brittle during service but it could have. its ductility 
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restored by rejuvenation treatments at 1500 to 1900 degrees Fahr. 
(815 to 1040 degrees Cent.). On the other hand, Tube C-2, con- 
taining lower carbon, became permanently brittle during service. 
Likewise, all the tubes were coarse-grained, the A.S.T.M. grain 
- size being 4 or coarser. These tubes were, of course, processed sev- 


Table |! 
Pertinent Data on 18-8 Cracking Still Tubes Investigated 





A. Chemical Composition 


Tube 

Desig- 

nation Cc Mn P S Si Cr Ni Cu Ne Al Sn 
A 0.085 0.44 0.015 0.014 0.74 17.37 9.13 0,12 0.042 0.010 0.01 
B 0.07 0.42 0.015 0.011 0.33 18.28 9.13 0.11 0.103 0.005 0.02 
C-1 0.07 0.43 0.014 0.012 0.44 17.63 9.07 0.07 0.040 0.008 0.91 
C-2 0.07 0.42 0.015 0.011 0.41 17.55 9.11 0.05 0.040 0.005 0.01 
D 0.06 0.36 0.017 0.013 0.34 18.13 8.54 ina dhe Ja lee sala a 
E 0.06 0.34 0.017 0.014 0.36 18.01 8.44 wed 


B. Service Life and Reported Condition After Service 
Tube Service Life 


Designation Hours Condition After Service 

A 35,000 One section cracked. Balance of tube brittle but capable of re- 

= at 1500 or 1900 degrees Fahr. (815 or 1040 degrees 
ent.). 

B 40,055 One section cracked. Balance of tube brittle with erratic re- 
sponse to rejuvenation treatment. 

C-1 78,000 Section of tube still ductile after service. 

C-2 78,000 This section of tube is opposite end of Tube C-1. Certain sections 
cracked in service and balance was permanently brittle. 

D 97,500 Fairly ductile after service and capable of rejuvenation. 

E 97,520 Fairly ductile after service and capable of rejuvenation. 


Nore: Comparative ductility determined by flattening tests on complete tube rings cut 
from the respective tubes. 


eral years ago and at that time it was general practice to water- 
quench or air-cool from temperatures of 1900 degrees Fahr. (1040 
degrees Cent.) or higher, and either of these treatments produces 
a coarse grain size in this steel. 


INVESTIGATIONAL PROCEDURE 


In addition to the chemical analyses, given in Table I, all of the 
tubes were submitted to a visual and macroscopic examination, to 
flattening tests, to a magnetic examination, to the Strauss corrosion 
tests and to a microscopic examination. In addition, a hardness sur- 
vey, room temperature tensile and 1200-degree Fahr. (650-degree 
Cent.) stress-rupture tests were conducted on those tubes for which 
there was sufficient material available. 
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EXPERIMENTAL RESULTS 


The results obtained from the various tests undertaken are sum- 
marized in the following sections: 

Visual Examination—Difterences existed in the physical appear- 
ance of the various tube sections. Tubes A, C-1 and C-2 showed 
slight general oxidation with the scale layer being thin and tightly 
adherent, while there was little evidence of oxidation on Tubes D 
and E. Tube B showed a condition on the outside surface, often 
referred to as fish scale, and probably resulting from intergranular 
attack. 

Only one of the tube sections submitted, Tube B, was cracked to 
failure and this crack occurred on the fire side. The sections of Tubes 
A, C-1 and C-2, were taken from tubes which had cracked in service 
but the sections submitted were from positions an appreciable dis- 
tance from the actual failure. Tubes D and E had not failed in serv- 
ice but were removed because the wall thickness had decreased to the 
limit set by the refinery. 

Measurements of the tube wall showed some thinning on the 
fire side and an increase in the diameter across this point, thus indi- 
cating that plastic deformation, or creep, had occurred during serv- 
ice. However, the decrease in wall thickness, and ‘increase in diam- 
eter, were both of a low order of magnitude. Some of the tubes 
likewise showed evidence of metal loss on the inner surface due to 
corrosion and the action of the tube cleaner. Purely.on the basis of 
visual inspection all of the tube section submitted, except Tube B 
which was actually cracked, would have been rated as capable of 
further service in cracking units. 

Macro-Examination—The macrostructures of complete rings 
taken from each of the tube sections are shown in Fig. 1. Although 
only one ring from each tube is shown in this figure, several were 
taken at different points along each tube and the comments given are 
based on this complete examination. The macrostructures of all 
the tube sections, with the possible exception of Tube B, showed 
sound metal free from visual defects. In the case of Tube B small 
circumferential bursts are visible in the tube wall but these are be- 
lieved to have occurred in service rather than having been present 
in the original tube. 

While all of the tubes were of good quality the following differ- 
ences were noted in their etching characteristics : 
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Fig. 1—Macrostructures of 18-8 Tubes After Service. 
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1. One section of the circumference of Tubes A, B, D and 
E etched more readily and deeper than the remaining areas, 
with the more readily attacked region corresponding to the fire- 
side during service. The width of this deeper etched area was 
more extended in Tubes A and B. 

2. Tubes C-1 and C-2 etched uniformly around the en- 
tire circumference but the tubes differed in that the perma- 
nently brittle Tube C-2 etched more readily and deeper, being 
similar in this respect to the fire side of the remaining tubes. 

3. In almost every case a narrow band on the inner sur- 
face etched to a greater extent than the balance of the tube 
wall. As will be shown later this condition is due to slight car- 
burization and to cold working produced by the tube cleaners. 
In general, it may be concluded that while the macro-examination 

revealed differences in structure it did not indicate the cause of 
brittleness in certain of the 18-8 tube sections after service. 

Flattening Characteristics—The flattening test is the means | 

often employed to determine the ductility characteristics of tubes | 
after service. It has been found to be much more selective in this 
respect than are the ductility values obtained from the tensile tests. 
Accordingly, a large number of rings from each of, the tube sections 
were subjected to this test both in the “as-service” condition as well 
as after the so-called rejuvenation treatments at 1500 and 1900 de- 
grees Fahr. (815 and 1040 degrees Cent.). In addition, tube rings 
were flattened after certain amounts had been machined from the in- 
ner and outside walls in order to ascertain if surface attack might be 
a contributing cause, at least, of the brittleness. The location of each 
of the test rings, the manner in which they were treated, and the 
results obtained from the flattening tests are shown diagrammatically 
in Fig. 2. The following comments may be made with respect to 
the flattening characteristics of each of the tubes: 

1. Tube A was brittle in the “as-service” condition but its 
ductility could be fully restored by a %4-hour heating period at 
1500 or 1900 degrees Fahr. (815 or 1040 degrees Cent.). On 
the other hand, machining 0.050 inch from either the outside 
or inside surface had little if any influence on the degree of 
flattening. 

2. Tube B was likewise brittle in the “as-service” condi- 
tion but it exhibited erratic response to rejuvenation at 1500 
and 1900 degrees Fahr. (815 and 1040 degrees Cent.). 
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Fig. 2—Results of Flattening Tests on Five 18-8 Chromium-Nickel Tubes After 
Designated Heat Treatments. 


3. Tube C-2 was classified as permanently brittle for 
complete ductility could not be restored by any of the treat- 
ments used. This was true even when an annealing termpera- 
ture of 2200 degrees Fahr. (1205 degrees Cent.), followed by 
water quenching, was used. Likewise machining metal from 


either the outside or inside wall did not improve the flattening 
properties. 
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4. On the other hand, Tube C-1, which was from the 
same tube length as Tube C-2, but from the opposite end, was 
completely ductile in the “as-service” condition. 

5. Both Tubes D and E possessed a good degree of duc- 
tility in the “‘as-service’’ condition. In both cases the ductility 
was further improved by the 1500-degree Fahr. (815-degree 
Cent.) treatment but the tube rings could only be completely 


flattened after the 1900-degree Fahr. (1040-degree Cent.) 
heat treatment. 





Table Il 
Room Temperature Tensile Properties of Three 18 Cr-8 Ni Tubes 
After Prolonged Service 


Elongation 


Tube Service Life Location of Tensile Strength Yield Point in 2 In. 
Designation Hours Specimen Lb./Sq.In. Lb./Sq.In. Per Cent 
A 35,000 Fire Side 92,500 32,600 38.0 
Opposite Fire Side 96,700 33,250 41.0 
90° to Fire Side 96,800 25,700 41.5 
90° to Fire Side 95,800 26,500 44.0 
D 97,500 Fire Side 84,300 29,000 30.5 
Opposite Fire Side 86,400 32,000 30.5 
90° to Fire Side 89,100 35,000 47.0 
90° to Fire Side 87,100 34,000 40.5 
E 97,520 Fire Side 95,400 21,600 39.5 
Opposite Fire Side 99,400 24,800 44.0 
90° to Fire Side 96,500 21,000 45.5 
90° to Fire Side 96,500 . 29,900 44.5 








Note: Yield point obtained by dividers. Strip specimens 1 inch wide at gage length. 





In addition to the above observed differences in the overall flat- 
tening characteristics of these tubes, differences likewise existed with 
respect to the location of the fracture. In all of the tubes except 
C-2, the fracture, when it did occur, was generally confined to the 
fire side of the tube, while with Tube C-2 it was not. 

On the basis of these findings, it is evident that when the flat- 
tening test is used to evaluate the ductility characteristics of tubes 
after service, pronounced differences may be found to exist not only 
in different tubes but in various sections of the same tube as well 
as around the circumference of a given tube ring. 

Room Temperature Tensile Properties—Because of the amount 
of stock available tensile tests could only be conducted on Tubes 
A, D and E. These tubes were considered only in the “as-service” 
condition and strip tensile specimens were taken at the fire side, op- 
posite the fire side, and 90 degrees to the fire side. The results ob- 
tained are given in Table II. 
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The variations found in the properties within each tube were 
not very pronounced, the only consistent difference being a some- 
what lower strength and ductility on the fire side. The strength 
values of Tubes A and E were somewhat higher than those gener- 
ally obtained in quenched 18 Cr-8 Ni tubes but this increase may be 
due either to the cold working on the inner surface, caused by the 
tube cleaner, or to structural changes. 

The outstanding finding from these tests is that all of the tubes 
showed reasonably good ductility in the “as-service” condition while 


Table Ill 


Hardness Survey of Rings from 18 Cr-8 Ni Tubes After Prolonged Service 
Tube Service Life Location of Rockwell ““B” from Outside 

Designation Hours Specimen r-to Inside of Tube— 
A 35,000 Fire Side 67, 81, 82, 82, 82, 82 
Opposite Fire Side 75, 81, 81, 82, 85, 84 

90° to Fire Side 78, 82, 82, 82, 83, 84 

90° to Fire Side 73, 82, 82, 83, 85, 84 

D 97,500 Fire Side 77, 83, 85, 85, 89, 90 
Opposite Fire Side 82, 85, 85, 85, 86, 93 

90° to Fire Side 84, 85, 86, 86, 86, 88 

90° to Fire Side 85, 86, 86, 86, 88, 90 

E 97,520 Fire Side 71, 79, 80, 79, 81, 80 
Opposite Fire Side 64, 78, 78, 79, 79, 80 

90° to Fire Side 68, 77, 78, 79, 80, 81 


90° to Fire Side 63, 77, 78, 79, 81, 80 








the flattening tests showed Tube A to be brittle when in this condi- 
tion. In other words, the flattening test is more selective and criti- 
cal for this purpose than the tensile test. 

Hardness Survey—A hardness survey was made around the 
circumference and across the wall of tube rings from each of the 
tubes. Typical results for Tubes A, D and E are given in Table 
III. The three tubes differed in hardness, that for Tube A ranging 
from 67 to 85, that of Tube D from 77 to 93, and that of Tube E 
from 63 to 81 Rockwell “B”’. Likewise as shown by the preceding 
values there were hardness differences within each tube. In general, 
the hardness tended to be harder towards the inner surface and this 
increase is due to a slight degree of carburization as well as to the 
cold working during tube cleaning. 

Strauss Corrosion Resistance—The Strauss corrosion test was 
conducted on %-inch square rings machined from the center of the 
tube wall of each of the tube sections. These tests were conducted 
in the “‘as-service” condition as well as after rejuvenation treatments 
at 1500 and 1900 degrees Fahr. (815 and 1040 degrees Cent.). Like- 
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wise certain of the specimens were heated at 1100 and 1200 degrees 
Fahr. (595 and 650 degrees Cent.) prior to the test. The results 
obtained are summarized in Table IV. The following conclusions 
are indicated by these findings: 


' 1. All of the tubes were susceptible to the Strauss corrosion 
test in the “as-service’ condition and all were immune after 
the rejuvenation treatments at either 1500 or 1900 degrees 
Fahr. (815 or 1040 degrees Cent.). 


. Table IV 
Results from Strauss Corrosion Tests on Ring Samples of 18 Cr-8 Ni Still Tubes 
After Prolonged Service 


Tube Service Time for 




































































Desig- Life Failure Type 
nation Hours Condition Hours Failure Location of Failure 

A 35,000 As Service 30 General Every Place but Fire Side 
1500° F.— 1 Hr. N.F. 
1900° F.— 1 Hr. N.F. 

B 40,055 As Service 23 General Every Place but Fire Side 
1500° F.— 1 Hr. N.F. 
1900° F.— 1 Hr. N.F. 

C-1 78,000 As Service 195 General Complete Ring. 
1500° F.— 1 Hr. N.F. 
1900° F.— 1 Hr. N.F. 
1100° F.—24 Hr. 386 Localized 45° from Fire Side 
1200° F.—24 Hr. 386 Localized 45° from Fire Side 

C-2 | 78,000 As Service 150 Localized Single Point Attack 
1500° F.— 1 Hr. N.F. 
1900° F.— 1 Hr. N.F. 
1100° F.—24 Hr. 288 General Sa Ring 
1200° F.—24 Hr. 288 General omplete Ring 

D 97,500 As Service 528 Localized At Fire Side 
1500° F.— 1 Hr. N.F. 
1900° F.— 1 Hr. N.F. 

E 97,520 As Service 45 Localized 90° from Fire Side 
1500° F.— 1 Hr. N.F 
1900° F.— 1 Hr. N.F —_—_— _—_— 


N.F. = Not Fractured in 528 hours. 








2. However, differences did exist in the “as-service’’ spec- 
imens in the location of the attack around the circumference 
of the rings. Tubes A and B were attacked at all locations 
except at the fire side, with Tubes C-2 and D the attack oc- 
curred only at the fire side, with Tube C-1 the attack was gen- 
eral while with Tube E it was confined to about 90 degrees 
from the fire side. 

3. Heating the “‘as-service” tubes at 1100 or 1200 degrees 
Fahr. (595 or 650 degrees Cent.) increased the time required 
for, and changed the location of, the attack. 


These findings would, therefore, indicate that the Strauss corro- 


sion results do not differentiate between these tubes in the same 
manner as the flattening tests. 
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Magnetic Characteristics—A qualitative measure of the com- 
parative magnetic characteristics of the different tubes was obtained 
by measuring the angle through which specimens suspended by a 
thread could be pulled with a strong permanent magnet. It is recog- 
nized that this procedure is not too accurate but it is sufficiently sen- 
sitive to reveal rather slight differences in the magnetic character- 
istics of austenitic steels provided all test details are held constant. 

Significant differences were revealed in the magnetic character- 
istics of specimens from each of these tubes. Specimens from the 
fire side of Tubes A and B responded to the magnet five times as 
strongly as specimens from the remainder of the tube walls. All 
portions of the circumference of Tube C-2 were as magnetic as the 
fire side sections of Tubes A and B while Tube C-1 was even less 
magnetic than the specimens away from the fire side of Tubes A and 
B. Tubes D and E were slightly more magnetic than Tube C-1, 
with Tube D being the more magnetic of these two. 

The results from the magnetic tests on the “as-service’’ tubes 
are therefore in fairly good agreement with the flattening tests as 
the most brittle tube had the greatest magnetism and the most duc- 
tile tube the least. Likewise, the position of maximum magnetism 
around the circumference coincided with the location of cracking in 
the flattening test. On the other hand, the rejuvenation treatment at 
1500 degrees Fahr. (815 degrees Cent.) removed little if any of the 
magnetism while it was, in many cases, beneficial in improving the 
flattening characteristics. The treatment at 1900 degrees Fahr. (1040 
degrees Cent.) did, however, completely remove the magnetism. 

Rupture Properties at 1200 Degrees Fahr. (650 Degrees Cent.) 
—Because of the amount of material available the rupture tests were 
conducted on a limited number of specimens from Tubes A, D and 
E and confined to a temperature of 1200 degrees Fahr. (650 degrees 
Cent.). Because of the previously noted differences in physical prop- 
erties around the circumference of certain of these tubes, specimens 
were taken at the fire side, opposite the fire side and 90 degrees to the 
fire side. The dimensions of the tube wall required the use of 0.250- 
inch diameter by 1-inch gage length specimens. All tests were con- 
fined to the “as-service” condition. The results obtained from these 
tests, given in Table V and Fig. 3, indicate the following: 

1. In each tube the fire side was considerably weaker than 

the other three sides. However, only in the case of Tube D 

did this section have low ductility. 
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2. In each tube the material opposite the fire side had the 
highest strength in the rupture test. 

3. Tube A, which was classified as “brittle” by flattening 
tests on the “‘as-service” tube, had higher rupture strength and 
ductility than the other two tubes or water-quenched bar stock. 
Tube D possessed the lowest strength. 
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Fig. 3—Stress-Rupture Characteristics at 1200 Degrees Fahr. of 18 Chromium- 


8 Niels Tubes After Prolonged Service. 


Table V 
Rupture Test Characteristics at 1200 Degrees Fahr. (650 Degrees Cent.) of Three 
18 Cr-8 Ni Tubes After Prolonged Service 


Tube Service Rupture Elongation Reduction 

Desig- Life Location of Stress Time inlIn. of Area 
nation Hours Specimen Lb./Sq.In. Hours —Per Cent—, 
A 35,000 Fire Side 20,000 145.5 21.0 23.8 
Opposite Fire Side 20,000 316.0 27.0 28.2 
90° to Fire Side 20,000 272.0 22.0 24.0 
90° to Fire Side 22,500 161.0 25.0 28.8 
D 97,500 Fire Side 17,000 70.0 8.0 14.6 
Opposite Fire Side 17,000 123.0 16.0 18.9 
90° to Fire Side 17,000 99.5 17.0 16.1 
90° to Fire Side 20,000 49.5 21.0 20.3 
E 97,520 Fire Side 17,000 227.0 13.0 13.9 
Opposite Fire Side 17,000 391.0 12.0 15.4 
90° to Fire Side 17,000 339.0 13.0 16.8 
90° to Fire Sid- 20,000 99.0 19.0 20.4 
Bar Stock W. — 1/,000 308.0 18.0 17.4 


Q. 
000° F. 


Comparative 100-Hour Rupture Strengths: 


I en CRs ak RRS beac 6. cK ae 25,000 Ib. per sq. in. 
TURE Shade esese F Sh cee eue oa all 17, 000 Ib. per sq.i n. 
Tube E i badi'de becuus cacdecn hos cole ar an in 
BS ee. Sake hands Ue 56 cnbes «6 20,000 Ib. per sq. in 





While these results show appreciable differences to exist in the 
rupture characteristics from tube to tube and also around the circum- 
ference of the individual tubes there was no direct correlation be- 
tween the rupture or ductility characteristics at 1200 degrees Fahr. 
(650 degrees Cent.) and the behavior in the flattening test at room 
temperature. In fact, Tube A, which was brittle in the room tem- 
perature flattening test, possessed the highest strength and ductility 
at 1200 degrees Fahr. (650 degrees Cent.). 
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Fig. 4—Microstructures in As-Service Condition. xX 100. (a) Fire Side of Tube A. 
(b) Fire Side of Tube B. (c) Tube C-2. (d) Tube C-1. (e) Tube D. (f) Tube E. 
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Fig. S—Characteristics of Grain Boundary Precipitation with Light Electrolytic 
NaCN Etch. xX 1000. (a) Tube B. (b) Tube D. 
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Microscopic Examination—A thorough metallographic examina- 
tion was made of each of the sections submitted both in the “as- 
service” condition and after rejuvenation treatments at 1500 and 
1900 degrees Fahr. (815 and 1040 degrees Cent.) as well as at higher 
temperatures. Representative structures of the tubes in the “as- 
service” condition are shown at 100 diameters in Fig. 4 while ex- 
amples of the different type structures observed are given in Figs. 5 
to 12 inclusive. A comparison of the various microstructures per- 
mits the following generalizations with respect to the degree of struc- 
tural changes and to the influence of rejuvenation heat treatments: 

1. In the “as-service” condition all of the tubes were simi- 
lar in certain respects, but not necessarily to the same degree, 
in that 

a. Precipitation was present in the grain boundaries. 
With a light etch, the grain boundary precipitation was similar 
around each tube and from tube to tube. The characteristics 
of this precipitation are shown in Fig. 5. 

b. Twinning was present as shown in Fig. 4. 

c. The grain size was of the same order of magnitude 
and on the coarse side, being 4 or larger (Fig. 4). 

d. Cold working had occurred on the inner wall, ex- 
amples of which are given in Fig\6. 

e. Cracks already present in the tubes or those developed 
during the flattening tests all followed the grain boundaries, 
Fig. 7. 

2. In the “as-service” condition the following differences 
existed in the tube sections submitted : 

a. Insofar as outside surface cracking is concerned, 
Tube C-1 showed more surface cracking, Tubes A, D and 
E very little, Tube B somewhat more at the fire side and 
Tube C-2 relatively severe cracking all around the tube (Fig. 
8). 

b. All of the tubes showed carburization on the inner 
wall except Tube C-1 (Fig. 6). 

c. Veining was present to the greatest extent in Tube 
C-2 and to a lesser extent in Tube A at the fire side (Fig. 4). 

d. Deep etching revealed large precipitated particles in 
the grain boundaries at the fire side of Tube B and entirely 
around the circumference of Tube C-2. The same was true 
to a lesser extent, except at the extreme outer surface on 
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the fire side, of Tubes A, D and E, and to even a smaller ex- 
tent on Tube C-1 (Fig. 9). 

3. Rejuvenation treatments at 1500 degrees Fahr. (815 
degrees Cent.) produced no visual changes in the microstruc- 
tures of any of the specimens (Fig. 10). 

4. Rejuvenation treatments at 1900 degrees Fahr. (1040 
degrees Cent.) exerted variable effects on the microstructures 
of the different specimens. 

a. In all the tubes except Tube C-2 the precipitated 
constituents were nearly completely eliminated by this treat- 
ment (Fig. 11). 

b. A “new structure’ became visible completely around 
the circumference of Tube C-2 and to a limited extent on the 
fire side of Tube B. In Tube C-2 this structure was largely 
confined to the outer half of the tube wall and was orientated 
radial to the outside surface and lengthwise to the tube (Fig. 
12). 

c. This “new structure’ could not be removed by solu- 
tion treatments at temperatures as high as 2400 degrees 
Fahr. (1315 degrees Cent.). 

5. Surface cracking produced during service as well as 
the cracks produced during the flattening tests followed this 
“new structure”. 


From the metallographic examination it would appear that the 
development of actual cracks and embrittlement of the metal, as de- 
termined by the flattening test, are due to alterations of the structure. 
Tube C-1 was ductile in the “as-service” condition and the metal- 
lographic structure, even after prolonged etching, did not show the 
presence of many large grain boundary particles. In the “as-service” 
condition Tubes A, B and C-2 did show numerous large grain bound- 
ary particles and while these were confined to the fire side of Tubes 
A and B they existed throughout Tube C-2. All of these tubes 
cracked during flattening. 

After rejuvenation at 1900 degrees Fahr. (1040 degrees Cent.), 
the structures of Tubes A, D and E became normal and the tubes 
could be flattened. On the other hand, a so-called “‘new structure” 
became visible in Tube B on the fire side and completely around 
the outer part of the wall of Tube C-2. Neither Tube B or C-2 
could be flattened without cracking and the cracks followed this “new 
structure”. The evidence, therefore, points to different degrees of 
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Fig. 8—Varying Degrees of Outside Surface Cracking. xX 100. (a) Tube C-1. (b) 
Tube A. (c) Tube C-2. 
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Fig. 9—Characteristics of Grain Boundary Precipitation with Heavy Electrolytic 


NaCN Etch. X 1000. (a) Tube C-1—Ductile. (b) Tube E—Fairly Ductile. 
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Fig. 9 (Cont.)—-Characteristics of Grain Boundary Precipitation with Heavy Electro- 
lytic NaCN Etch. xX 1000. (c) Tube B—Erratic Response to Rejuvenation. (d) Tube 
-2—Permanently Brittle. 
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Fig. 10—Influence of Rejuvenation Treatment at 1500 Degrees Fahr. on the Micro- 
structure. X 1000. (a) Tube E. (b) Tube C-2. 
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Fig. 11—Influence of Rejuvenation Treatment at 1900 Degrees Fahr. on the Micro- 
structures. XxX 1000. (a) Tube E. (b) Tube C-2. 
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deterioration. The grain boundary changes in Tube C-1 had not 
progressed to a sufficient extent to cause brittleness, while in Tubes 
A, D and E it had. With these latter tubes, however, this structural 
change could be removed by heat treatment. 

In the case of Tubes B and C-2 it is believed that the embrittle- 
ment caused by the grain boundary particles has been further com- 
plicated by the development of the “new structure”. This condition 
resulted in poor response to the rejuvenation treatments since the 
“new structure” apparently cannot be eliminated by heat treatment. 


DISCUSSION OF RESULTS 


On the basis of these findings it is apparent that the flattening 
test and microscopic examination are the best means available for 
determining if 18 Cr-8 Ni steel has undergone changes in its physical 
characteristics after prolonged service at normal temperatures of 
1200 to 1250 degrees Fahr. (650 to 675 degrees Cent.). Chemical 
composition, within the normal limits, yields no information in this 
respect for it so happens that the two tube sections showing the 
maximum variations, Tubes C-1 and C-2, were from different sec- 
tions of the same tube. 

Likewise the visual examination, the hartness survey, the 
Strauss corrosion test and the room temperature tensile properties 
did not differentiate between these tubes in the same manner as the 
flattening tests or microscopic examination. Under certain condi- 
tions a fairly definite correlation existed between the magnetic char- 
acteristics, the macrostructure, and the flattening properties, but 
this did not hold true under all conditions, and especially after the 
rejuvenation treatments. The explanation for these structural changes 
is not nearly as clear as the correlation between structure and flat- 
tening characteristics. Metallographic examination cannot positively 
identify the large particles revealed in the grain boundaries of the 
brittle areas by heavy etching. Association of the etching character- 
istics suggests very strongly that these particles are ferrite. This is 
also confirmed by the magnetic characteristics. The so-called “new 
structure” is entirely different from anything previously observed 
in similar alloys. Actual cracks, when present, terminate in this 
structure and when cracks are produced, as in flattening, they pass 
through it. 

In the severely cracked areas actual cracks are visible in the 
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Fig. 12 
Rejuvenation. 
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Microstructures of “‘New Structure’’ in Tube C-2 After 1900-Degree Fahr. 


x 100. 


(a) General Structure. 


(b) Outside Surface. (c) Inside Surface. 
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unetched condition which closely resemble it. Since it cannot be 
eliminated by solution heat treatments it is believed to be very small 
cracks which surround the large particles present in the grain bound- 
aries of the unheat treated material. These are undoubtedly very 
small and are invisible under the microscope due to the flowed metal 
during polishing and are only revealed after etching has removed 
this flowed metal and has enlarged the cracks. 

The orientation of the “new structure” radial to the outside sur- 
face and lengthwise to the tube and its restriction to the outer half 
of the tube wall suggests the following possible explanation of actual 
failure : 

1. Gradual precipitation and growth of particles at the 
grain boundaries under certain conditions of service. These par- 
ticles are believed to consist of highly alloyed ferrite which at 
certain temperatures at least is brittle. 

2. Carbide precipitation may result largely because of the 
decreased solubility of carbon in this highly alloyed ferrite. 

3. During heating and cooling of the tube, and other tem- 
perature fluctuations, cracks may develop around and in the fer- 
rite areas due to stresses caused by volume changes accompany- 
ing their formation and to differences in expansion between the 
ferrite and austenite. The cracking may be assisted by carbide 
and other possible precipitants in the grain boundary areas, 
which tend to set up brittle conditions. 

4. The presence of stress raisers at the outer surface, 
such as “fish scale’ and intergranular oxidation, start cracks 
which propagate themselves through the “new structure” under 
the combined influence of thermal stresses and service load 
stresses. 


The evidence points very strongly to localized service conditions 
influencing the alteration of tube metal structure. In the case of 
Tubes A and B it was localized on the fire side. Likewise Tube C-2 
was affected while Tube C-1 was not and yet they were different 
sections of the same tube. 

Insofar as these tubes are concerned the microstructure clearly 
shows the affected zones. The tube dimensions also indicate that 
creep was greater on the fire side and the rupture tests indicate the 
metal to be weaker in this section. The fact that brittleness was 
restricted to the fire side in two cases suggests higher temperatures 
at those points, which is equivalent also to a more overstressed con- 


| 
/ 
j 





a am 


ee enna used hiadedeeene 





324 TRANSACTIONS OF THE A. S. M. Vol. 35 


dition, both on the basis of mechanical and thermal stresses. Both 
of these conditions contributed to increased rates of structural alter- 
ations. In the case of Tube C-2, the deterioration completely around 
the tube suggests that the complete circumference of this tube was 
overheated or else that the tube may have been rotated at various 
times during its service life. Such information as is available on 
these tubes indicates that neither corrosion nor oxidation played an 
important role in the deterioration of these tubes. It is entirely pos- 
sible, however, that either of these two factors may have hastened 
the actual failures which occurred in certain areas of certain of these 
tubes. 


CONCLUSIONS 


The results obtained permit the following tentative conclusions 
with respect to the mechanism of failure of 18-8 cracking still tubes 
in service. 

1. Structural alterations occur which are progressive in 
nature and when they have developed to a certain degree brittle 
grain boundary conditions result. 

2. The degree to which these structural alterations progress 
and the rate at which they take place are probably largely deter- 
mined by the actual temperature, stress and time conditions of 
service. 

3. On the basis of the data obtained it is believed the fol- 
lowing mechanism is involved: 

a. Particles, believed to be highly alloyed ferrite, grow 
in the grain boundaries under the combined influence of tem- 
perature, time and stress. 

, b. Carbide precipitation follows due to the decreased 
solubility of carbon. 

c. Under certain operating conditions failure can take 
place microscopically around these ferrite particles due to the 
magnitude of the stresses present. 

d. When the above conditions have been established, 
then brittle service failures can occur. Actual operating 
conditions such as temperature and stress fluctuations and 
stress raisers on the surface determine the degree to which 
both particle growth and the cracks must progress before 
service failures occur. 

4. So long as the: “new structure”, believed to be micro- 
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scopic cracks, does not form around the precipitated grain 
boundary particles, ductility can be restored to the tubes by 
rejuvenation treatments at 1500 and 1900 degrees Fahr. (815 
and 1040 degrees Cent.). 

5. Service conditions may vary around the circumference 
and along the length of cracking still tubes. This condition 
may result in the severe structural alterations being confined 
to a small narrow portion of the tube; or to conditions where 
an entire tube can be embrittled. 

6. The variations in structural alterations in different por- 
tions of a tube are reflected in metallurgical test results. Some 
of these properties are influenced more than others. For in- 
stance, hardness tests show little difference, tensile tests slight 
differences, while flattening and rupture tests show wide dif- 
ferences between areas with slight and pronounced grain 
boundary particle growth. 

7. The beneficial effect of the 1500-degree Fahr. (815- 
degree Cent.) rejuvenation heat treatment is believed due to 
the elimination of stress and to a possible transformation of the 
precipitated ferrite. It has little influence on the precipitated 
carbides, as evidenced by the microscopic examination, and yet 
it imparted immunity to the Strauss corrosion test. 

8. Insofar as these particular tubes are concerned, neither 
corrosion nor oxidation played an important role in their de- 
terioration or failure. It is believed, however, that when the 
structural changes have occurred, the corrosion resistance is 
decreased, and on this basis corrosion or scaling may have con- 
tributed to the cracking to failure which occurred at certain lo- 
cations. 


While all of the evidence obtained to date substantiates the 
theory advanced as to the mechanism of failure, additional work is 
in progress on this general subject and attempts are being made to 
reproduce those various structural alterations in the laboratory. 


ACKNOWLEDGMENT 


The experimental work on which this paper was based was 
sponsored by The Timken Roller Bearing Company, Steel and Tube 
Division, at the University of Michigan. The investigation was con- 
ducted in the Department of Engineering Research of the Univer- 





i SA ee + > SA IT SSA Sa 
“ 


326 TRANSACTIONS OF THE A. S. M. Vol. 35 


sity, with the assistance of Messrs. E. E. Reynolds and M. Goldenberg. 

The authors are indebted to the oil companies whose co-operation 
made the investigation possible and to The Timken Roller Bearing 
Company for permission to publish the results. 


DISCUSSION 


Written Discussion: By C. P. Miller, head of Materials Laboratory, 
Standard Oil Company of California, Richmond, Cal. 

The writer has directed the examination of a considerable number of 18 
Cr-8 Ni cracking still tubes which had failed in the manner described by Messrs. 
Clark and Freeman. The first failure occurred in 1932 after about 22,000 
operating hours. In this connection, it is of interest that, although failures 
have continued since then at a progressive rate, a few tubes of the same vintage 
are still in service after a life of nearly 100,000 hours. 

In all, we have made detailed examination of about 25 failed tubes. Our 
findings are in general agreement with those of the authors. Embrittlement as 
exhibited in the flattening test was invariably associated with the failures. In 
some cases, this embrittlement could be removed by the so-called “rejuvenation” 
heat treatment; in other words, rejuvenation was ineffective. There was also 
a noticeable difference in the microstructure of brittle and ductile tubes and in 
magnetic permeability, which was substantially higher in brittle tubes. 

There was no significant difference in chemical composition, surface ap- 
pearance, hardness, impact strength, carbon pick-up and resistance to the 
Strauss solution. There was also no difference in the tensile properties of 
longitudinal specimens; the strength of both ductile and brittle tubes was 
slightly greater than that of new material and the elongation was somewhat 
less. On the other hand, the circumferential strength of brittle tubes, as deter- 
mined by bursting tests, was less than half that of ductile tubes and there 
was no measurable elongation. This points to an extreme orientation of em- 
brittlement which has been confirmed by micro-examination of the structure. 

From the first, embrittlement was recognized as the primary cause of the 
failures. It was also realized that an accompanying stress was necessary to 
produce actual cracking. This stress was and still is attributed to the effect 
of the temperature differential through the tube wall during firing. The out- 
side of the tube tends to expand more than the inside and a certain amount of 
plastic flow or “upsetting” occurs. At shutdown, the differential no longer 
exists and there is a reversal of stress which puts the outer fibers of the tube 
in tension. A ductile tube is amply able to withstand this stress while a brittle 
tube will fail by cracking. 

It is reasonable to believe that internal fluid pressure during operation was 
of negligible influence in causing cracks to form. Otherwise, a crack once 
started would continue through the wall to complete rupture while the tube 
was on stream. This has not been the case as, except for a few tubes in which 
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other factors were involved, all cracks have been found by inspection at shut- 
down. Furthermore, in nearly every case, they have only extended to the 
neutral axis which is where they should stop if they were formed by stress 
reversal as described above. 

Embrittlement was first attributed to intergranular corrosion and then to 
stress-corrosion of the type described by A. E. White, C. L. Clark and R. L. 
Wilson in their paper, “The Rupture Strength of Steels at Elevated Tempera- 
tures,” appearing in the March 1938 Transactions of the American Society 
for Metals. It was evident, however, that both of these explanations were in 
conflict with the phenomenon of rejuvenation. We finally adopted a theory of 
structural change analogous to that offered by the authors of the present paper. 
In it, we postulated that this change produced embrittlement and was reversible 
upon proper heat treatment, thus permitting “rejuvenation”. Under more pro- 
longed exposure or more adverse conditions, the tube suffered actual structural 
damage such as the formation of submicroscopic cracks and, therefore, could 
not be “rejuvenated”. 

There are unquestionably at least three factors involved in this structural 
change—temperature, stress and time. Unfortunately, even now little or noth- 
ing of a quantitative nature is known regarding their action in causing failures. 
Temperature is obviously critical as embrittlement and cracking are almost 
always confined to the fire side of the hotter tubes. There must, however, be a 
temperature below which no damage occurs in order to account for the exist- 
ence of ductile tubes after service of 100,000 hours or more. This temperature 
is still unknown. The relation between temperature and time required for em- 
brittlement is also still undetermined. Is there a temperature at which em- 
brittlement occurs in a few hours or is it always a slow process, measured in 
terms of months or years? If a tube has been somewhat embrittled by exposure 
to, say, 1400 degrees Fahr. (760 degrees Cent.), is it thereafter more susceptible 
to damage at a lower temperature? Is there an upper temperature limit beyond 
which no harm is done provided the tube has sufficient strength to withstand 
the fluid pressure? 

When we introduce the third variable of stress, the confusion is even 
greater. Just how critical is the influence of stress? Is it so critical that the 
difference between longitudinal and hoop stress due to fluid pressure is suffi- 
cient to cause the orientation of embrittlement previously mentioned? Is a high 
stress at a relatively low temperature as damaging as a low stress at a higher 
temperature? 

Also, assuming that the properties of straight 18 Cr-8 Ni are such that 
tubes of this composition are always liable to damage under conditions imposed 
by economical operation, is there any way, short of prolonged large-scale trials, 
to determine whether tubes of modified composition would be better? In other 
words, is there any reliable accelerated test from which the behavior of tubes 
could be predicted? 

The authors’ explanation of the mechanism of failure is quite convincing 
and is in agreement with the known facts. The tubes could fail in the manner 
described and they probably do. There is nothing in the paper, however, to indi- 
cate that embrittlement has been induced by the authors under controlled condi- 
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tions. It would be very worthwhile if this were done as it would not only confirm 
the correctness of their theory, but would furnish much of the information needed 
to answer the questions listed above. These answers, it is needless to say, are of 
practical interest to the user of 18 Cr-8 Ni cracking tubes as they would enable 
him to control operation so as to obtain maximum tube life, and also be sure 
that he was buying tubes of the most suitable material. 

Written Discussion: By E. R. Wilkinson, Standard Oil Company of 
Louisiana, Safety Inspection Dept., Baton Rouge, La. 

This paper on the failure of 18 Cr-8 Ni cracking still tubes brings out some 
very unique conclusions regarding structural alterations which occur within 
the metal, and which may be corrected by proper heat treatment, if the condition 
is detected before it has progressed beyond a certain phase of transformation. 
It has been known for quite some time that some 18 Cr-8 Ni material, which 
had been in service for long periods of time, could be revived or rejuvenated 
by heat treatment. On the other hand, we have seen material of the same 
composition and which apparently received similar treatment in service which 
could not be restored to a sound and ductile metal by heat treating. Because 
of this erratic response to heat treatment, we could not always be sure that the 
material was capable of rejuvenation, nor could we be sure of the extent to 
which the heat treatment would be beneficial. The investigations covered in 
this paper have given us some of the answers to these questions ; however, there 
are still several questions which arise concerning the practical applications of 
the results and conclusions which are presented. 

It is stated in the paper that the structural changes within the metal are 
due to a certain combination of time, temperature, and stress; and that once these 
changes reach the point where submicroscopic intergranular cracking occurs, 
the metal can no longer be restored to its original ductile state. When the 
additional laboratory tests which are now in progress are completed, will there 
be enough data from the investigations so that a correlation can be made of the 
time, temperature, and stress relationships which could be used as a guide for 
removing a tube from service for heat treatment? Such an analysis might also 
help to determine whether or not a definite service hour limitation should be 
maintained and, if so, what this limitation should be under certain specific 
conditions of temperature and stress; or is it felt that no such correlation would 
be of any particular value when considering that one of the tubes which was 
tested was apparently in good condition on one end and in a very poor state 
on the other end? No doubt the two ends of this particular tube were subjected 
to wide temperature variations in service. Such conditions would be extremely 
difficult to discover without the aid of numerous metal thermocouples and very 
elaborate instrumentation. 

Quite often we desire to make test runs on furnaces and operate them at 
higher temperatures, or higher temperatures and pressures, for a short period 
of time in order to determine operational limitations. Before proceeding, how- 
ever, one of the first and foremost questions always is whether any harm will 
be done to the tubes by overheating them for a short period of time at tem- 
peratures considerably in excess of those which have long been established as 
satisfactory and safe. It is indicated in the paper that this change which takes 
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place in tube metal structure can likely be contributed either to localized over- 
heating or to a general overheating of the metal over a period of time. Here 
again this time factor is quite important. We are wondering if the data which 
have been and are now being obtained will enable us to formulate any limitations 
in time and temperature for periods of overheating, such as those mentioned, 
so that the metal would not be detrimentally affected? 

It is noted that there was no mention of the operating pressures to which 
the tested tubes had been subjected. Inasmuch as two of the tubes which had 
been in service over ninety thousand hours were still fairly ductile, it would 
be very interesting to know something of the pressure conditions. If possible, 
it would also be desirable to know something about the general type of tube 
and header installations, and what sort of maintenance and inspection treatment 
these tubes received during their ninety thousand hours of service. This in- 
formation may be of particular interest to anyone who has established service 
hour limitations on furnace tubes which are subjected to high pressures. 

The question of furnace tube design has long been a very debatable one. 
Some methods employ the use of creep stress data, some use stress rupture data, 
while others use short-time tensile stress with a high factor of safety. It would 
be of interest to know whether or not the authors of this paper feel that the 
results of their investigations with this 18-8 material will throw any additional 
light on which of the above methods might be considered the most practical. 
If this cannot be determined, will their results give us any indication as to 
whether creep stress or stress rupture data are the most reliable to be used in the 
design of furnace tubes. 

It is quite interesting to know that the flattening and microscopic tests 
are the best means of determining if 18-8 chromium-nickel steel has undergone 
structural changes discussed in this paper. Both of these tests are quite prac- 
tical and they can be very readily made with only a small amount of material. 

The investigations conducted on this subject by the authors of this paper 
are typical of the very fine work which they have done in all of their research 
work for the development of alloys for high temperature service. We in the 
petroleum industry should feel highly indebted to them for the work which they 
have done in this connection. We are quite anxious to know a little more about 
the behavior of 18-8 chromium-nickel tubes operating at metal temperatures up to 
the order of 1600 to 1700 degrees Fahr. (870 to 925 degrees Cent.) and we trust 
that, before too long, they will be able to give us good information in 
this regard. 


Oral Discussion 


GLENN R. InGLEs:* I would like to ask of the authors if the tubes studied 
showed any carburization after the long service period? Also, what is the effect 
of time on the formation of the discussed structure? Could this structure ac- 
count for failures of cracking tubes in service for as short times as 200 to 300 
hours? 

H. S. Avery:*® Was it necessary to go to microradiography to detect the 


1Metallurgical consultant, Cook Heat Treating Co., Houston, Texas. 
*Research metallurgist, American Brake Shoe Co., Mahwah, N. J. 
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cracks, or was it possible to get evidence of them by dark field illumination 
under high magnification? 


Authors’ Reply 


We greatly appreciate the discussion which has been offered on this paper 
and are pleased to know that the experiences of certain of the refineries are in 
agreement with our results. Our findings to date are confined to the various 
conditions which may be encountered in this austenitic steel after high tempera- 
ture service. It is hoped, on the basis of laboratory work now in progress, that 
definite conclusions can be reached with respect to the time-temperature rela- 
tionships under which the submicroscopic cracking occurs. If this can be done, 
then, as Mr. Wilkinson suggests, definite service life conditions could be estab- 
lished for the various temperatures, as well as permissible time periods of over- 
heating. 

It is true, as Mr. Wilkinson states, that in service the temperature may 
vary along the length of the tube and around the circumference at any given 
point. It is believed, however, that in each cracking still the hotter zones can 
be established and the service life of the tube should be based on these higher 
temperatures. : 

In further reply to Mr. Wilkinson’s questions, the operating pressure in the 
tubes which had been in service for 97,000 hours was 900 pounds per square 
inch, which on the basis of Barlow’s formula gives a fiber stress of 4200 pounds 
per square inch. It so happens that this stress is in exact agreement with the 
stress required at 1200 degrees Fahr. (650 degrees Cent.) for a creep rate of 
0.01 per cent per 1000 hours. Even after this long service life these tubes were 
removed, not because of bulging, but because of wall thinning due to ID corro- 
sion. This in turn indicates that the creep values are a too conservative basis 
of design for this type of service. To us, it would appear that the stress rup- 
ture values are a more suitable basis for the design of cracking still tubes. 

Mr. Miller has given many interesting results concerning the tubes which 
he has examined after service and has also raised many important questions 
which at the present time cannot be definitely answered. It is hoped, however, 
that the results from laboratory tests now in progress will shed additional light 
on these questions. 

In reply to Mr. Ingles’ question most of the tubes considered in this in- 
vestigation did show a slight amount of carburization on the inner surface. 
We do not as yet definitely know the effect of time on the submicroscopic 
cracking but we believe 18-8 tube failures of the order of 200 to 300 hours are 
probably due to excessive overheating. 

‘ In answer to Mr. Avery, it was not necessary to use microradiographic 
means to detect these cracks but this method was employed for further substan- 
tiation. . 

This work is being continued and the investigation is being extended to 
cover 18-8 tubes after service at the more elevated temperatures. It is hoped 
that in due time more complete information can be obtained concerning the 
mechanism of failure of these, as well as other type, austenitic steels. 





THE RATE OF DIFFUSION OF MOLYBDENUM 
IN AUSTENITE AND IN FERRITE 


By Joun L. Ham 
Abstract 


The coefficients of diffusion of molybdenum in pure 
austenitic and ferritic rron-molybdenum alloys and in pure 
austenitic iron-molybdenum-carbon alloys are reported. 
The coefficient of diffusion of molybdenum is found to be 
much greater in ferrite than in austenite. The coefficient 
of diffusion of molybdenum in austenite is found to be 
slightly increased by carbon. 


The composite nature of the diffusion coefficients of 
binary substitutional solid solutions is discussed. 


Diffusion and partition data are used as the basis for 


an explanation of the effect of molybdenum on the shape 
of the S-curve. 


Equations expressing relative rates of homogeniza- 
tion in terms of coefficients of diffusion are presented. 


INTRODUCTION 


HOSE who are seriously attempting to account for the rates of 

metallurgical phenomena well recognize the need for accurate 
data on rates of atomic diffusion in the solid state. Rates of proc- 
esses such as carburization and homogenization, occurring under sim- 
ple conditions, can be explained from a knowledge of the diffusion 
coefficients involved. However, an explanation of more complex 
phenomena such as creep, phase change, and precipitation, requires 
a knowledge of other types of fundamental data as well as a knowl- 
edge of diffusion coefficients. Rates of diffusion, like electrical 
conductivity and other phenomena, must be accounted for in any 
theory of the solid state of matter and therefore are useful in setting 
up and testing such theories. 

In the practical as well as the theoretical application of data con- 
cerning the rate of diffusion of molybdenum in iron, it is necessary 
to know the effect of temperature and atomic configuration. The 
effect of these variables has been determined in the experiments about 
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to be described. These experiments are intended to supplement pre- 
vious experiments (1)* concerned with the rate of diffusion of car- 
bon and the effect of molybdenum thereon. They are part of a pro- 
gram which includes a study of the partition of molybdenum between 
the ferrite and carbide phases in steel and which is intended to pro- 
vide an insight into the mechanism by which molybdenum affects the 
hardenability and other properties of steel. 

Hardenability, or the ability of large masses of steel to harden 
uniformly, depends directly on the rate at which the steel in the 
austenitic condition must be cooled to prevent its transformation at 
high temperatures ; for transformation at high temperatures leads to 
the formation of pearlite or bainite, constituents which are soft rela- 
tive to martensite, which is formed when transformation occurs at 
low temperatures. Since the rate at which a body of steel can be 
cooled at some point below the surface is limited by the thermal con- 
ductivity of the steel (a property which is not significantly affected 
by alloying elements), any major improvement in hardenability ob- 
tained by the addition of a given element must result from the ability 

_ 

of this element to retard the rate of transformation of-austenite at 
temperatures where ‘the products of transformation are soft. The 
effect of an alloying element on the rate of transformation at constant 
temperature is conveniently represented by the Bain S-curve, which 
shows contour lines for the beginning and end of transformation on 
a graph with temperature as the ordinate and the logarithm of the 
time as the abscissa. 

It early became apparent (1), (2) that the ability of alloying 
elements such as molybdenum to retard the rate of decomposition of 
austenite could not be explained by their effect_on the rate of diffu- 
sion of carbon im austenite. That the effect depended i in some way 
on the rate of diffusion of the alloying element itself seemed likely, 
and the magnitude of the rates of diffusion of manganese and nickel 
(3), (4) seemed to support this assumption. To test the validity 
of this assumption it is imperative that the partition of the alloying 
element between ferrite and carbide during and after transformation 
be known. Such information on the partition of molybdenum has 
been obtained already (5), (6). It appears from this earlier work 
that the carbides precipitating during the transformation of austenite 
to pearlite at a given temperature have initially a much higher 
molybdenum content than, and a crystal structure differing from, 


1The figures appearing in parentheses pertain to the references appended to this paper. 
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that of the carbides of the ordinary cementite type which form dur- 
ing tempering of martensite at the same temperature. At the ex- 
pense of the surrounding ferrite, both types of carbides apparently 
increase their molybdenum content after formation, although the 
molybdenum content of the carbides formed from austenite is always 
the greater. The consequences of these findings and their bearing on 
the conditions under which the diffusion process proceeds will be dis- 
cussed after a presentation of the results of the diffusion experiments 


and after a discussion of some general aspects of the diffusion 
process. 


EXPERIMENTS AND RESULTS 


The experimental method for determining coefficients of diffu- 
sion was described in a previous paper (1). Briefly, the method 
consists of placing in intimate contact a pair of specimens containing 
different amounts of molybdenum, holding them at constant tempera- 
ture for an appropriate length of time, and chemically analyzing* 
chips cut at various. distances from the interface. The specimens 
were prepared from electrolytic iron and pure molybdenum by 
melting in vacuum and, in some cases, casting in vacuum. After 
considerable forging, the samples were homogenized at 2300 degrees 
Fahr. (1260 degrees Cent.) for periods ranging from 75 to 100 
hours. In nine of the experiments where the diffusion coefficients in 
austenite were to be determined, the temperature and composition of 
the specimens were selected so that the specimens remained entirely 
austenitic during diffusion. 

In the two experiments where the coefficients of diffusion in 
ferrite were to be determined, conditions were such that the speci- 
mens remained entirely ferritic during diffusion. 

Treatment of the diffusion data for molybdenum was somewhat 
simpler than that for carbon (1) since the coefficient of diffusion 
was found to be essentially independent of molybdenum content in 
the range studied (0 to 6 weight-per cent molybdenum). The 
boundary value problem is that of the infinite bar with initial concen- 
tration c, and c, atomic per cent, and its solution is 


Cia 1 x 
“aL1-° (Gm) 
C—-cs 2 2V Dt 


*In Experiment 8 (Fig. 3) the chemical analyses were supplemented by precise X-ray 
measurements of the lattice parameters of some of the samples. The X-ray method was 
essentially the same as that used by Bowman (6). 
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where c is the concentration in atomic per cent molybdenum at any 
distance x (centimeters) from the interface at a time t (seconds) 
after the start of diffusion. 

D is the diffusion coefficient in centimeters squared per sec- 


ond and ¢@ (Z) is defined as 


2 yee” 
a= f = dw 
vr Jo 


‘ , : : c —C. . 

where w is an integration variable. Thus when————— is plotted 
C, — Cy 

on probability paper (7) as a function of x, a straight line is ob- 


tained whose slope is 5 . When D is constant this method is 
t 


superior to that of deriving D from one or more individual points 
on a plot of c against x on linear graph paper, since only one D 
value, determined by all the experimental points, is obtained. If D 
is not constant a curve is obtained and the Matano method (1) 
should be used. 

In calculating atomic per cent molybdenum from weight-per 
cent values, the carbon atoms were neglected because, in the deriva- 
tion of the diffusion equation, the rate of flow is considered to be 
proportional to the concentration gradient expressed as mass per 
unit volume. In a substitutional solid solution whose lattice param- 
eter is being considered constant, the mass of molybdenum per unit 
volume is equivalent to the percentage of lattice points occupied by 
molybdenum and does not necessarily depend on the number of car- 
bon atoms present, since they are dissolved interstitially. 

To simplify presentation and calculation, the experimental data 
are given in the form of points on a plot on linear graph paper of 
aa against = in em/\/sec. See Figs. 1 to.5 inclusive. The 
c,—c 
curves are the true probability curves represented by the best straight 
line through the experimental points plotted on probability paper. 
The D values and other data are given in Table I. See page 336. 

In Fig. 6 it can be seen that the coefficient of diffusion of molyb- 
denum is much_greater in ferrite than in austenite; at 2300 degrees 
Fahr. (1260 degrees Cent.) it is about 80 times greater and at 1700 
degrees Fahr. (925 degrees Cent.) about 90 times greater. Carbon 
slightly increases the coefficient of diffusion of molybdenum in aus- 
tenite. 
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Fig. 2—Diffusion. Curves for Molybdenum in Austenite. Ex- 


periments 4, 5 and 6 


It has been assumed that the D values can be represented by 
equations of the type D = Ae’™*, where A, Q, and R are constants. 
That this is approximately the case can ‘be seen by inspection of Fig. 
6, in which D is. plotted on a-logarithmic scale as a function of the 
reciprocal of the.absolute temperature. The equations of the straight 
lines are: rr, 


— 
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Molybdenum in Austenite a = 0.068 e°%/2T 

Molybdenum in Austenite Containing 0.40 Dac = 0.091 e-/#T 
Weight-Per Cent Carbon 

Molybdenum in Ferrite Dg = 3.467 e/8T 


where Q is expressed in calories per gram-atom, T in degrees Kelvin, 
R in calories (1.99), and D and A in cm?/sec. 

The ratio of the coefficient of diffusion of molybdenum in fer- 
rite to that in austenite can be expressed by a similar equation: 


Dr/Da = 51.3 e'*/** 
Of theoretical significance is the fact that the difference in the D 
values in fergjte and in austenite, largely results from the difference 
in the corresponding A values ; the o not:differ greatly. 





Table I 
Diffusion Data, Molybdenum in Iron 


Initial Atomic 
Per Cent Weight Temperature 
7~Molybdenum—, Per Cent Degrees Time D x 10%” 
Ci Ce Carbon* Fahr. Sec. x 10-6 Phase Cm?/Sec. 


0.532 < 0.005 i 2305 ‘ Austenite 
0.540 < 0.005 ‘ 2204 , Austenite 
0.550 < 0.005 ’ ; Austenite 
0.540 : a ; Austenite 
0.520 é b ; Austenite 
0.530 ; ’ . Austenite 
1.470 . . Austenite 
3.607 a ‘ 4 Ferrite 

0.585 ‘ ‘ ; Austenite 
1.475 , ; ‘ Austenite 
3.629 ‘ <0.03 ; Ferrite 
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*These are averages of four analyses representing concentration of each specimen before 
and after diffusion. 








THE CoMPOSITE NATURE OF THE DIFFUSION COEFFICIENT 


In the analysis of the data the lattice parameter of iron has been 
assumed to be independent of molybdenum concentration. This is, 
of course, not strictly true, for in Experiment 8 (Fig. 3) the molyb- 
denum content of some of the samples was evaluated by measuring 
the lattice parameter. The relationship between the lattice parameter 
of ferrite and its molybdenum content has recently been accurately 
determined (6). 

By a derivation of the diffusion equation based on the percent- 
age of lattice points on adjacent crystal planes occupied by molyb- 
denum atoms, it can{ easily / be shown that D is the product of two 
more fundamental quantities, namely, the square of the jump dis- 
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4 Austenite, 0.25 Wt. % Carbon, 
250) °F 

© ferrite, 1708 °F 

© Austenite, 2300 F 


| 


C,-Cp 











X/T"? x 105 (0Cm/Se0 72) 


Fig. 3—Diffusion Curves for Molybdenum in Austenite and 
Ferrite. Experiments 7, 8 and 9. 





-8 6 -4 -2 O de =e 
X/T¥ x 108 (Gm/Sec.2) 


Fig. 4—Diffusion Curve for Molybdenum in Austenite. Ex- 
periment 10. é t 


tance (8) and the number of times (d) an atom moves from one 
position to the next per second (8), (9). If 8 is taken as equal or 
proportional to the lattice parameter (a,), it is obvious that if d is 
constant, D will vary as the square of the lattice parameter. Thus 
D cannot be independent of concentration. It was found (6) that 
a, increased linearly from 2.86063 A for pure iron to 2.87261 A for 
a 3.61 atomic per cent (6.05 weight-per cent) molybdenum alloy. 
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These figures can be used to show that D would be less than one per 
cent greater in the 6 per cent alloy than in pure iron if its change 
arose only from a change in 8. Since the present data indicate that 
the effect of concentration on D is small, it appears that the quantity 
d is also little affected by the molybdenum concentration. 

It is possible that, as in the case of the diffusion of nickel and 
manganese (3), (4), D for molybdenum would increase if higher 
concentrations (such as 25 weight-per cent) were used. The D 
values for nickel and manganese increase far more rapidly than the 


x/T" x 104 (Om/Sec.7”?) 


Fig. 5—Diffusion Curve for Molybdenum in Ferrite. Ex- 
periment 11. 


change of jump distance would indicate if d were to remain constant. 

Diffusion in binary systems involving large changes in a, with 
concentration must be accompanied by correspondingly large volume 
changes ; that is, if both specimens were originally cylindrical and of 
the same diameter, after diffusion they would be expanded in diam- 
eter and in length where the concentration changes were such as to 
increase a, and contracted where a, decreased. If the increase is 
found to be greater than that predicted by the change in a, at some 
point n a, units from the interface (where n is an integer), it fol- 
lows that the total number of atoms entering a slice A\na, units 
thick at this point was greater than the total number of atoms leav- 
ing during diffusion and that one of the metals is diffusing more 
rapidly than the other. The'shape change is therefore a test of the 
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Fig. 6—Effect of Temperature on the 


Coefficient of Diffusion of Molybdenum in 
Austenite and in Ferrite. 
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Fig. 7—S-Curve for 0.79 Per Cent Carbon Steel 
Containing 0.77 Per Cent Molybdenum. 
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assumption of “equal atom interchange”, which seems to be neces- 
sary to several mechanisms proposed for the diffusion process. 

From experimental evidence, Kirkendall (10) concludes that 
this assumption cannot be valid for the copper-zinc system and that 
zinc diffuses much more rapidly than copper in copper-zinc alloys. 

The coefficient of diffusion as ordinarily measured must be a 
composite quantity dependent in some way on the properties of the 
individual metals involved, that is, on the ability of each to flow 
through the alloy. It is possible that the real nature of the composite 
quantity could be deduced if the following data were obtained con- 
cerning a pair of metals which form a continuous series of solid 
solutions : 

The value of the ordinary diffusion coefficient D at all con- 
centrations. 

The self-diffusion coefficients of both pure metals. 

The self-diffusion coefficients of each metal in the chemi- 
cally homogeneous alloy at all concentrations. 

Johnson (7) measured these quantities in the gold-silver system, 
but only at concentrations of 0, 50 and 100 atomic per cent. The 
coefficient of self-diffusion of pure gold was uncertain. More data 
on this system, say at 25 and 75 atomic per cent, would be extremely 
welcome. 

Elkevich (11), in a general statistical treatment of substitutional 
diffusion in simple and body-centered cubic systems, also questions 
the validity of the assumption of equal atom interchange, and in 
order to account for variations of D with concentration, had to aban- 
don it. He developed equations expressing Daz, “the rate of diffu- 
sion of A in B,” and Daa, “the rate of diffusion of B in A,” in terms 
of concentration. The difference between these was termed the 
“relative diffusion rate” and was designated by D,. In testing the 
ability of these equations to account for the variation of D calculated 
by the Matano method from data of Grube and Jedele on the copper- 
nickel system, Elkevich employed the expression for Dyjcy and con- 
cluded that the equations were approximately correct. The reason- 
ing is not clear since, if the expression for Deux; had been used. the 
results would have been different. Further explanation of these re- 
sults is therefore needed and indeed might prove very fruitful in ex- 
plaining the diffusion process. 

The foregoing discussion suggests some very attractive prob- 
lems in mathematics as well as in experimental research. An ex- 
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ample of the former is the derivation and solution of a diffusion 
equation which applies to substitutional diffusion involving large 
changes in lattice parameter. After this problem has been solved, 
some interesting experiments could be performed to determine, by 
observation of shape or volume changes occurring during diffusion, 
what differences—if any—exist between rate of transfer of the vari- 
ous atoms involved. The radioactive tracer method seems to be the 
most promising alternative for attacking this problem. At present 
theoretical reasoning such as that of Elkevich, although useful, in- 


volves too many questionable assumptions to be regarded as con- 
clusive. 


THE ROLE oF DIFFUSION IN THE TRANSFORMATION OF AUSTENITE 


The present state of our knowledge of the effect of alloying ele- 
ments on the rate of transformation of austenite was briefly reviewed 
in the introduction. It is now appropriate to consider the conditions 
imposed on the diffusion of molybdenum during transformation by 
the findings of Bowman and Parke (5), (6) concerning the parti- 
tion of molybdenum between ferrite and carbide. 

Since the carbides formed by the isothermal transformation of 
austenite at 1300 degrees Fahr. (700 degrees Cent.) were found to 
contain considerably more molybdenum than those formed by tem- 
pering martensite at this temperature, Bowman and Parke predicted 
that the rate of diffusion of molybdenum was less in ferrite than in 
austenite. The diffusion experiments just described, however, show 
conclusively that the coefficient of diffusion is not less but is much 
greater in ferrite than in austenite. Owing to the manner in which 
the diffusion. coefficient is defined, the rate of diffusion or rate of 
delivery of molybdenum atoms to the carbide depends not only on 
the diffusion coefficient but also on the concentration gradient. The 
term “diffusion rate’, implying the mass flux through a unit area, is 
incorrectly applied when it refers to the diffusion coefficient, which is 
defined as this rate per unit concentration gradient. The magnitude 
of the concentration gradient depends on the nature of the carbide; 
and, since the composition, lattice structure, and degree of dispersion 
of the carbides formed by isothermal transformation are entirely dif- 
ferent from those of the carbide formed on tempering, the concen- 
tration gradient associated with the former obviously may be quite 
different from that of the latter. The carbides formed from aus- 
tenite at 1300 degrees Fahr. (700 degrees Cent.) in eutectoid iron- 
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carbon-molybdenum alloys were found to be of the complex face- 
centered type when more than 0.50 weight-per cent molybdenum was 
present (6). 

A discussion of the relationship between the rate of growth of 
carbides containing molybdenum and the concentration gradient and 
diffusion coefficient of molybdenum in austenite is necessary to the 
explanation of the effect of molybdenum on the rate of transforma- 
tion of austenite. The discussion, as given here, applies only to the 
rate of growth of isolated carbide particles or the rate of edgewise 
extension of pearlite. 

The conditions prevailing during an early stage of the growth 
of carbide by isothermal transformation of austenite in a eutectoid 
steel differ in no way from those prevailing at some later period in 
the growth process; therefore we may assume that the carbides are 
invariant in composition during formation. After formation these 
carbides may, to be sure, change their composition by interchange of 
atoms with the ferrite phase which may be simultaneously precipi- 
tating, as in the formation of pearlite. This interchange, however, 
will not affect their rate of growth from austenite. In order to grow 
and maintain a definite composition, the carbide must acquire the 
various atoms involved at rates whose relative magnitudes are deter- 
mined only by the composition of the carbide. The rate of growth 
of the carbide would be limited and determined by the slowest rate 
involved in the delivery of the various atoms to the carbide. If the 
carbide contained a sufficient quantity of molybdenum, its rate of 
growth would depend on the rate of diffusion of molybdenum, 
which depends on the coefficient of diffusion and the concentration 
gradient. Little or no diffusion of iron is necessary, since its con- 
centration is but slightly greater in the austenite than in the carbide. 

—_r— Obviously, during growth the rate of delivery of molybdenum 
atoms to the phase boundary must equal the rate at which they are 
transferred across the phase boundary. In order to see how this 
equality is maintained, let us define a quantity c, as the concentration 
of molybdenum in the austenite an infinitesimal distance from the 
growing carbide phase. The molybdenum concentration gradient 


(= ) at this point will then be uniquely determined by c,. The rate 
x 


Co 


of flow of molybdenum atoms at this point is given by D (=) as 


Co 
assumed in the derivation of the diffusion equation. As c, ap- 
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proaches zero the rate of flow increases but approaches a constant 
finite value, since the flow through the face of a semi-infinite bar does 
not become infinite when c, (the concentration of the face) ap- 
proaches zero. However, as c, approaches zero the rate of transfer 
across ‘the phase boundary does approach zero and probably in a 
linear manner. 


If c, were equal to the original concentration (c,) of the aus- 


tenite, as it must be immediately after nucleation, there could be no | 


concentration gradient; so, in order to perpetuate growth, c, must 
drop very rapidly to set up the concentration gradient necessary to 
deliver the molybdenum atoms at the same rate as they cross the 
boundary. 

If c, must become_very small compared to c, in order to de- 
crease the rate of transfer and increase the rate of diffusion until 
they are equal, it can be said that the rate of growth is governed al- 
most entirely by the diffusion coefficient only, since the concentration 
gradient at c,, and therefore the flow of molybdenum atoms, cannot 
be increased appreciably by further decreasing c,, that is, by increas- 
ing the rate of transfer across the boundary. 

If c, maintains some value intermediate between zero and Ca, 
the rate of growth will depend on the rate of transfer across the 
phase boundary. 

An interesting example of a case where the rate of growth de- 
pends on the rate of transfer across the phase boundary rather than 


upon the coefficient of diffusion of the element involved is the growth | 


of pearlite in eutectoid plain carbon steel. According to experi- | 


mental work reported by Mehl (14), the rate of growth of a pearlite 
nodule increases as the temperature is lowered. The rate of growth 


cannot be governed by the coefficient of diffusion of carbon in aus- | 


tenite, since this coefficient decreases as the temperature is lowered. 
The fact that the rate of growth is increased by a decrease in temper- 
‘ature proves that the carbon concentration gradient could not have 
reached its maximum value at the higher temperature involved. The 
maximum rate of transformation, then, is likely to occur at the tem- 
perature at which the maximum carbon concentration gradient is 
reached. It is unlikely that this condition coincides with the “nose” 
of the S-curve. Thus, because of the intrusion of a new process of 
nucleation at the “nose” of the S-curve, the rate of transformation of 
austenite to pearlite fails to reach the theoretical maximum. 


It is probable that c, is small compared to c, during the growth 
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of the complex molybdenum carbide in austenite and that the diffu- 
sion coefficient of molybdenum in austenite determines the rate of 
growth. 

The best evidence of this is that in order to account for the 
shape of the S-curve of a eutectoid molybdenum steel the rate of 
growth must decrease as temperature decreases in the temperature 
range where the complex carbide is formed. As the temperature 
drops, the coefficient of diffusion is known to decrease rapidly, but 
the rate of transfer across the phase boundary would probably in- 
crease, since the temperature is departing from that at which the 
rate of transfer is zero, that is, the Ae, temperature. 

The sidewise growth of pearlite is probably also dependent on 
the coefficient of diffusion, but in this case the diffusion process is 
periodically interrupted by the formation of ferrite and therefore 
is a series of transient diffusion phenomena rather than a steady- 
state process such as is postulated for edgewise extension. 

The importance of the discovery that the coefficient of diffusion 
of molybdenum is much greater in ferrite than in austenite lies in 
the fact that it forms the basis for a possible explanation of the 
effect of molybdenum on the shape of the S-curve. {for example, let 
us consider the S-curve of an 0.80 per cent carbon, 0.75 per cent 
molybdenum steel presented by Blanchard, Parke, and Herzig (12). 
(Fig. 7.) If the time interval between the start and end of trans- 
formation is used as a measure of the rate of transformation and if 
the rate is considered at successively lower_temperatures starting 
from the Ae, temperature, it can be seen thatthe rate of transforma- 
tion is slow in the pearlite region just below the Ae, temperature, 
that it increases to a maximum at about 1250 degrees Fahr. (675 
degrees, Cent.), decreases to a minimum at about 1050 degrees Fahr. 
575 degrees Cent.), and finally increases very rapidly in the bainite re- 
gion between 1050 and 900 degrees Fahr. (575 and 485 degrees 
Cent.). If it may be assumed that all reaction products above 1050 de- 
grees Fahr. (575 degrees Cent.) are nucleated by carbide, as is pearl- 
ite (13), it is obvious that since the molybdenum content of these car- 
bides was found to be high, the rate of their growth must depend on 
the coefficient of diffusion of molybdenum in austenite. In the tem- 
perature range between the Ae, and 1050 degrees Fahr. (575 degrees 
Cent.) the coefficient of diffusion of molybdenum decreases rapidly © 
as the temperature decreases, but the rate of formation of carbide 
nuclei increases rapidly (14). The resultant effect of temperature 
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on these two quantities must be such as to cause the observed maxi- 
mum in the transformation rate at 1250 degrees Fahr. (675 degrees 
Cent.). 

This is consistent with the following qualitative consideration. 
If the overall rate depends primarily on, and varies directly with, 
two other variables, that is, the rate of nucleation and the coefficient 
of diffusion, the necessary condition for the occurrence of a maxi- 
mum in the overall rate at an intermediate temperature is that a 
drop in temperature increases one of these variables (the rate of 
nucleation) and decreases the other (the coefficient of diffusion). 
If they were both increased or both decreased by a drop in tempera- 
ture, at all temperatures involved, a reversal in the overall rate cer- 
tainly could not occur. 

In plain carbon steels a maximum does not occur at 1250 de- 
grees Fahr. In fact Mehl (14) has shown that the rate of growth 
of a pearlite nodule in this temperature range actually increases as 
the temperature decreases. The rate of growth in this case does not 
involve the diffusion of molybdenum but only the diffusion of car- 
bon. The coefficient of diffusion of carbon, however, decreases 
much less rapidly than that of molybdenum as the temperature 
drops. It seems that the concentration gradient of carbon must 
increase sufficiently rapidly with a decrease’ in temperature to 
overcome the decrease in the diffusion coefficient and to account 
for the observed increase in rate of growth. This may be pictured 
as due to the increasing stability of the carbide and the decreasing 
interlamellar spacing of the pearlite. Apparently any increase in 
the concentration gradient of molybdenum which may occur as 
the temperature is lowered is not sufficient to overcome the attend- 
ant decrease in the coefficient of diffusion. This is consistent with 
definite experimental evidence that the_interlamellar spacing of 
pearlite formed at 1200 degrees Fahr. (650 degrees Cent.) is greatly 
increased by molybdenum, whereas the spacing of that formed _at 
1300 degrees Fahr. (700 degrees Cent.) is not noticeably changed 
(12). 

A maximum does occur, of course, in the rate of transforma- 
tion of plain carbon steels but only when the temperature has 
dropped to about 1000 degrees Fahr. (540 degrees Cent.). At this 
point the type of nucleation and therefore the nature of the trans- 
formation itself changes, as will be shown later. 

At any given temperature the rate of formation of the nuclei 
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of the face-centered cubic carbide containing molybdenum is likely 
to be slower than the rate of formation of the nuclei of ordinary 
cementite, owing to the greater complexity and size of the unit cell 
(5), (6). This, together with the fact that the coefficient of diffu- 
sion of molybdenum rather than of carbon governs the rate of 
growth of the complex carbide, explains the general shift of the S- 
curve toward longer times or slower rates caused by molybdenum in 
the temperature range where the complex carbide is formed. 

The products of transformation below 1050 degrees Fahr. (575 
degrees Cent.) in the case under consideration are believed to be nu- 
cleated by ferrite (13). This means that the process is initiated by 
the appearance of ordinary ferrite and that the carbide (or other 
phase whatever its nature) is nucleated or at least makes its appear- 
ance as a result of, and therefore after, a certain increase in the 
carbon concentration of the surrounding austenite. Unless this fer- 
rite is simply a high temperature martensite, which is not considered 
likely, its formation must be accompanied by the accumulation of 
carbon in the surrounding austenite. 

That molybdenum is simultaneously rejected from the ferrite 
does not seem likely, for the iron-molybdenum equilibrium diagram 
shows that the addition of sufficient amounts of molybdenum to aus- 
tenite leads to the formation of ferrite. If subsequent diffusion of 
molybdenum through the ferrite to the other phase is necessary 
to the continuation of the process, it would not be expected to retard 
the rate of the process nearly so much as at temperatures just above 
1050 degrees Fahr. (575 degrees Cent.) where the diffusion of 
molybdenum in austenite was involved, for the coefficient of diffusion 
7of molybdenum in ferrite is much greater than that in austenite. 
As the temperature is lowered from 1050 degrees Fahr. (575 degrees 
Cent.) the rate of the austenite transformation increases sharply and 
again reaches a maximum in the vicinity of 900 degrees Fahr. (485 
degrees Cent.) and then decreases as the temperature is decreased 
further. This maximum is also the result of opposing effects of 
temperature on the two controlling variables (rate of nucleation and 
coefficient of diffusion), analogous to that described above as pro- 
ducing the maximum at 1250 degrees Fahr. (675 degrees Cent.) but 
involving in this case the formation of ferrite nuclei and the diffu- 
sion of carbon in austenite and possibly of molybdenum in ferrite. 

Molybdenum is much less effective in retarding transformation 
at these lower temperatures’; therefore it must be assumed that the 
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amount of diffusion of molybdenum necessary for transformation 
decreases rapidly as the temperature drops below 900 degrees Fahr. 
(485 degrees Cent.). This is in agreement with the conclusions of 
Fischer and Rose (15), who determined by magnetic measurements 
that the amount of “carbidogenic” elements such as chromium or 
molybdenum in the carbide phase is less in bainite than in pearlite. 

From these considerations it may be postulated that in an 0.80 
per cent carbon, 0.75 per cent molybdenum steel : 

(A) The observed maximum in the rate of transformation of 
austenite at 1250 degrees Fahr. (675 degrees Cent.) is the result of 
an increase in the rate of formation of carbide nuclei and a simul- 
taneous decrease in the coefficient of diffusion of molybdenum in aus- 
tenite as the temperature is lowered. 

(B) The bay in the S-curve at 1050 degrees Fahr. (575 degrees 
Cent.) results from the fact that 1050 degrees Fahr. is the minimum 
temperature at which the probability of formation of carbide nuclei 
is greater than that of the formation of ferrite nuclei. 

(C) The abrupt increase in transformation rate occurring when 
the temperature drops from 1050 to 900 degrees Fahr. (575 to 485 
degrees Cent.) is due to a sudden change from nucleation by car- 
bide to nucleation by ferrite and the resultant changes in the diffu- 
sion processes necessary for transformation. 

(D) The observed maximum in the rate of transformation at 
900 degrees Fahr. (485 degrees Cent.) is the result of an increase 
in rate of formation of ferrite nuclei and a simultaneous decrease 
in the coefficient of diffusion of carbon in austenite and possibly of 
molybdenum in ferrite as the temperature is lowered. 

This explanation of the effect of molybdenum and temperature 
on the rate of transformation of austenite agrees essentially with that 
offered by Blanchard, Parke, and Herzig (12), who ascribed the bay 
in the S-curve, or minimum rate occurring at 1050 degrees Fahr. 
(575 degrees Cent.), to the greater effect of molybdenum on the 
rate of formation of pearlite than on the rate of formation of bainite 
and to the fact that the effect of molybdenum on the former in- 
creased but the effect of molybdenum on the latter decreased with 
drop in temperature. In the 0.80 per cent carbon, 0.75 per cent 
molybdenum steel the temperature range in which both processes can 
occur simultaneously is apparently very narrow. The present ex- 
planation may be regarded as an extension of this line of reasoning 
by way of accounting for the effect of temperature and molybdenum 
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content on the rate of transformation by a consideration of the fun- 
damental processes of nucleation and diffusion. 

As it stands at present, our picture of the mechanism by which 
molybdenum affects the shape and position of the S-curve of a eutec- 
toid steel may be summarized as follows: The necessity for the 
diffusion of molybdenum in austenite during the transformation of a 
molybdenum steel from austenite to pearlite causes the rate maxi- 
mum observed at about 1250 degrees Fahr. (675 degrees Cent.). 
The general shift of the S-curve to longer times (slower rates) in 
the pearlite region caused by molybdenum results from the depend- 
ence of the rate of growth of the carbides on the coefficient of diffu- 
sion of molybdenum in austenite and a decrease in the rate of forma- 
tion of carbide nuclei as their molybdenum content increases. The 
effect of molybdenum on the shape and position of the S-curve in 
the bainite region (below 1050 degrees Fahr.) is small since molyb- 
denum does not greatly affect the rate of formation of ferrite nuclei 
and less diffusion of molybdenum is necessary to transformation. 


THE EFFect oF MOLYBDENUM ON THE RATE OF TRANSFORMATION 
oF AUSTENITE COMPARED TO THAT OF MANGANESE AND NICKEL 


Values of the diffusion coefficients for molybdenum, manganese, 
and nickel at subcritical temperatures in austenite containing 0.80 
per cent carbon and 0.50 per cent of the element under consideration 
have been estimated from the data presented here and from the data 
of Wells and Mehl (3), (4). The relative magnitudes of the D 
values for molybdenum, manganese, and nickel are, respectively, 9, 
4.4, and 1 at 1050 degrees Fahr. (575 degrees Cent.) and 4, 3, and 
1 at 1500 degrees Fahr. (820 degrees Cent.). 

Manganese and nickel also decrease the rate of transformation 
of austenite in the pearlite region but to a less degree than molyb- 
denum, nickel being the least effective of these when present in equal 
weight or atomic proportions. The relative effectiveness of these 
elements is therefore not that to be expected from a consideration 
of their relative coefficients of diffusion alone. The importance of 
the coefficient of diffusion of these elements in determining the trans- 
formation rate depends on the quantity of these elements which must 
diffuse to the carbide phase during the growth of the carbides. In 
the case of nickel this quantity is thought to be small (16) (21), 
but it is known that considerable amounts of manganese can occur 


in the carbide phase (25), (26). _ 
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Quantitative data on the partition of nickel and manganese be- 
tween the carbide and ferrite phases during isothermal transforma- 
tion of austenite are needed to explain fully the effects of these ele- 
ments. As suggested in the discussion of molybdenum carbides, the 
rate of formation of carbide nuclei also would be expected to depend 
on their manganese or nickel content. It is possible that elements 
which do not form a part of the carbide phase influence the rate of 
formation and growth of cementite nuclei since their concentration 
near the interface in the surrounding phase would increase as the - 
carbide grew by the acquisition of iron and carbon atoms. Owing 
to the initial predominance of the iron atoms and the small effect of 
alloying elements on the rate of diffusion of carbon in austenite, we 
would not expect the rate of formation or the rate of growth to be 
as greatly affected by such elements as by molybdenum. 

It is believed that the mechanism by which manganese and 
nickel induce hardenability is.fundamentally different in at least 
one respect from that proposed for molybdenum. Examination of 
the appropriate equilibrium diagrams (17), (18), (19) reveals that 
the addition of sufficient molybdenum to iron produces the alph 
phase at temperatures where only the gamma phase of pure iron is 
stable, but the addition of sufficient nickel or manganese to carbon 
free iron produces the gamma phase at temperatures where only the 
alpha phase of pure iron is stable. This amounts to the statement that 
molybdenum raises the Ae, critical temperature whereas manganese 
and nickel lower it.) In either case the critical point is no longer 
sharply defined but represents a range of temperatures in which the 
alpha and gamma phases exist simultaneously in equilibrium as re- 
quired by the phase rule. The upper and lower temperature limits 
of this two-phase region are fairly well established in the iron- 
molybdenum system, since no great hysteresis is associated with the 
change in phase; but in the iron-nickel and iron-manganese systems 
these limits are usually represented only by broad temperature 
ranges, since considerable time is required for the phase changes to 
take place at sybcritical temperatures in these systems. (Recently 
these limits i iron-manganese system have been determined with 
some precision (27). Reaction periods as great as two years were 
used in some cases to approach equilibrium.) This is clearly illus- 
trated by the dilatometric measurements of Scheil (17) of the iso- 
thermal rates of transformation of austenite to ferrite at subcritical 
temperatures in carbon-free alloys of iron and nickel (4.8 weight- 








350 TRANSACTIONS OF THE A. S. M. Vol. 35 


per cent nickel). This deliberate behavior of the gamma-to-alpha 
transformation is not limited to alloys of iron with elements which 
lower the As temperature, as shown by the work of Austin and 
Pierce (24) on iron-chromium alloys. The time associated with the 
transformation of iron-chromium alloys, however, is much less than 
that for iron-manganese and iron-nickel alloys. 

The important point is that the presence of carbon is not nec- 
essary to the retardation of the rate of transformation of austenite 
to ferrite and that manganese and nickel would be expected to re- 
tard this rate simply by their presence in the original austenite and 
in the ferrite resulting from transformation, even if they had no 
effect on the rate of formation or growth of carbide nuclei. 

The magnitude of the effect of nickel or manganese on the rate 
of gamma-to-alpha transformation, in alloys containing carbon, would 
depend, of course, on the amount of carbon present (20) and in 
some way on the relative mobility of the manganese or nickel and 
iron atoms. This mobility is probably related to the rates of diffu- 
sion of these elements in austenite and in ferrite, but in a manner 
not clear at present. Nickel, even at concentrations as high as four 
per cent, simply shifts the S-curve to the right (16) at all tempera- 
tures between the Ae; and the Ar” and produces, no bay in the S- 
curve. This supports the conclusion that the mechanism by which 
nickel retards the transformation rate is fundamentally simpler than 
that proposed for molybdenum. Nickel has less effect on the rates 
of nucleation and growth of the carbide phase and therefore causes 
no reversal in the rate of transformation in the pearlite region. The 
inherent sluggishness of the gamma-to-alpha transformation in iron- 
nickel alloys, together with the lowering of the critical temperature 
brought about by nickel, would account for the general shift of the 
S-curve to the right. 

As pointed out by Austin (23) and Mehl (22), the instability of 
the austenite lattice depends on some power of the difference between 
the equilibrium temperature and the existing temperature rather than 
on the existing temperature alone. Therefore nickel and manganese 
would be expected to increase the stability of the austenite lattice at 
any given temperature if only by virtue of their ability to lower the 
equilibrium temperature. 

It is possible that manganese promotes hardenability by a com- 
bination of the mechanisms proposed for molybdenum and nickel. 
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Use or DirFrusion DATA IN COMPARING HOMOGENIZATION RATES 


Without defining the degree of heterogeneity except to say that 
it is uniquely determined by existing concentration gradients which 
change with time according to the diffusion equation, we may develop 
two important relationships giving the time necessary to produce a 
given change in heterogeneity in terms of the temperature, where 
only one diffusing element is being considered, and in terms of Q 
and A in the equation D = Ae“®™*, when comparing the rates of 
homogenization of two different elements at the same temperature. 

It can be shown mathematically that even if the initial concen- 
tration is a very complicated function of distance, any concentration 
change at a given point in the steel and therefore any change in the 
concentration gradient is determined uniquely by the product of the 
diffusion coefficient (D) and the time (t). (We are considering a 
solid solution which is inhomogeneous but not saturated with respect 
to the diffusing element. ) 

Expressing D as Ae“, we see that if a certain change in 
heterogeneity can be obtained in a time (t,) when A, Q, and T have 
values A,, Q,, and T,, then the time t, necessary to obtain the same 
improvement with another set of values A., Q., and T, is given by 


-Q/RT 


te Ave 2:/RT: 
t: Age OY/RT: 


The time t, to obtain a certain degree of improvement in homo- 
geneity at a temperature T, in terms of the time t, required to obtain 
this same improvement at temperature T, when A and Q are the 
same ; that is, for a given diffusing element, is given by 


Q feed 

“ae bz *, 

oq (1) 

ta 

The time t, at a given temperature T, necessary to obtain a 

given degree of improvement with respect to an element with diffu- 
sion constants A, and Q, in terms of the time t, necessary for the 
same degree of improvement with respect to an element with diffu- 
sion constants A, and Q, is given by 

t2 <A: (Q,:-Q:)/RT 


-=—e [2] 
t. As 


Applying [1] to the diffusion of carbon in austenite (A = 0.22, 
© = 34,200, in the presence of 0.80 per cent molybdenum and 0.40 
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per cent carbon) (1), we find that if T, — 2000 degrees Fahr. (1095 
degrees Cent.) and T, — 1800 degrees Fahr. (980 degrees Cent.), 
then t,/t, = 3.05. In other words, at 2000 degrees Fahr. (1095 de- 
grees Cent.) we can accomplish a given result in about a third of the 
time necessary at 1800 degrees Fahr. (980 degrees Cent.). 

For homogenization with respect to molybdenum at these tem- 
peratures (A —0.091 and Q = 59,000, in the presence of 0.40 per 
cent carbon), t,/t, = 6.87 and the time would be reduced by a factor 
of 1/6.87 by the 200-degree increase in temperature. 

Applying [2] to compare carbon and molybdenum at 1800 de- 
grees Fahr. (980 degrees Cent.), t,/t, 49,000; so that it would 
take 49,000 times as long to homogenize with respect to molybdenum 
as with respect to carbon, assuming the same degree of inhomo- 
geneity at the start. 

Using [2] to compare the rate of homogenization of molyb- 
denum in pure ferrite (A, = 3.467, QO, = 57,700) and in pure aus- 
tenite (A, = 0.068, QO, = 59,000) at 1800 degrees Fahr. (980 de- 
grees Cent.), we find that t,/t, = 86. This factor is essentially in- 
dependent of temperature, owing to the similarity of the Q values. 
Complete homogenization with respect to an element such as molyb- 
denum cannot, of course, be realized in steels at subcritical tempera- 
tures, since molybdenum segregates to the precipitated carbide phase. 
It is possible that concentration gradients covering relatively large dis- 
tances such as those existing in a banded structure could be lowered 
somewhat at subcritical temperatures by passage of molybdenum 
through the ferrite from carbides rich in molybdenum to those con- 
taining less molybdenum. However, it is very probable that elements 
such as nickel, which are thought to remain to a large extent in the 
ferrite (16), (21), also diffuse more rapidly in ferrite than in austen- 
ite. If this is the case it is reasonable to suppose that steel can be 
homogenized with respect to these elements more rapidly just below 
the critical temperature than above it, especially if the carbon content 
is low, so that the carbon particles do not obstruct appreciably the 
diffusion process. 

In very low carbon iron-molybdenum alloys, the homogenization 
process is unquestionably much more rapid just below the critical 
temperature than just above. According to Fig. 6, the rate of homo- 
genization (diffusion) in an alloy of pure iron plus 2.0 weight-per 
cent molybdenum in ferrite just below the critical temperature (1700 
degrees Fahr.; 925 degrees Cent.) is about the same as that in aus- 
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tenite 500 degrees Fahr. above the critical temperature (2200 degrees 
Fahr.; 1200 degrees Cent.). 


SUM MARY 


The diffusion coefficients of molybdenum in pure austenitic and 
ferritic iron-molybdenum alloys and in pure austenitic iron-molyb- 
denum-carbon alloys containing 0.40 per cent carbon have been 
measured. The diffusion coefficient of molybdenum in ferrite was 
found to be much greater than that in austenite. The presence of 
0.40 per cent carbon was found to increase slightly the coefficient of 
diffusion of molybdenum in austenite. These coefficients are given 
by the following equations: 

Molybdenum in Austenite Da = 0.068 e°*°%/*T 


Molybdenum in Austenite Containing 0.40 Dac = 0.091 e7-%/"T 
Weight-Per Cent Carbon 


Molybdenum in Ferrite ~ De = 3.467 et vBT 


The composite nature of the coefficients of diffusion of binary 
substitutional solid solutions has been discussed. 

A mechanism has been proposed to explain the effect of molyb- 
denum on the shape of the S-curve on the basis of nucleation rates, 
diffusion rates, and partition data. The rate maxima in the S-curve 
of an 0.80 per cent carbon, 0.75 per cent molybdenum steel are ac- 
counted for by the increase in the nucleation rates and the simul- 
taneous decrease in diffusion rates accompanying a drop in tempera- 
ture. The abrupt increase in transformation rate occurring as the 
temperature drops from 1050 to 900 degrees Fahr. (575 to 485 de- 
grees Cent.) is accounted for by an abrupt change in the type of 
nucleation occurring. 

The mechanism by which manganese and nickel alter the shape 
and position of the S-curve may be fundamentally different from 
that proposed for molybdenum. 

Equations expressing relative rates of homogenization in terms 
of diffusion coefficients have been presented. 
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DISCUSSION 


Written Discussion: By FE. P. Klier, instructor in metallurgy, Pennsyl- 
vania State College, State College, Pa. 

Numerous investigators of the phenomena associated with austenite decom- 
position have proposed mechanisms whereby such decomposition occurs. Few, 
however, have presented such detailed outlines of their concepts as is given 
in this paper. 

In this consideration of austenite decomposition, ‘certain fundamental no- 
tions are involved. Without regard to their relative importance the more im- 
portant premises may be considered as: 


1. Diffusion data, obtained in the conventional manner, are indicative, at 
least qualitatively, of the conditions under which diffusion takes place 
during the decomposition of austenite. This then demands that all rates 
of ditfusion decrease with decreasing temperature. 

Pearlite is nucleated by carbide. 

Bainite is nucleated by ferrite. 

Such nucleation as is provided for in 2 and 3 is subject to no modifica- 
tion as has been found necessary in treating certain of the age harden- 
ing systems—notably copper-aluminum—to account for recovery. 


Experimental evidence such as to invalidate points 1 and 4 has recently 
been reported by Klier and Lyman. 

The 3 per cent chromium-0.40 per cent carbon steel studied by Klier and 
Lyman has an S-curve as presented in Fig. A. Consider the transformation 
characteristics at 500 degrees Cent. (930 degrees Fahr.). 

Precipitation of a carbon-poor structure begins-roughly in one hour. After 
about one day at temperature, a second reaction product becomes evident. The 
two reactions progress together for an unstated time. 

An X-ray analysis of the specimens reacted at this temperature indicates 
the following conditions as obtaining: 


1. After 26 hours at temperature there is present austenite of greater than 
0.38 per cent carbon content (the precise carbon content of this aus- 
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tenite has not been determined, but is estimated to be about 0.60 per 
cent). 

2. This high-carbon austenite is present at 67.5 hours. 

3. After 120 hours, evidence of the carbon-rich austenite is no longer pres- 
ent, the indication being that all the austenite is of 0.38 per cent carbon 
content. , 

Thus between 26 hours and 67.5 hours there is present in the steel a low- 

carbon structure, which for convenience has been called ferrite, an austenite 


containing 0.38 per cent carbon and an austenite containing an estimated 0.60 


3%Cr Stee/ 
C038 MnO020 Cr298 
Austenitized at 1200°C 
Grain Size: 2-3 





, 10 102 10% 104 70 108 yn? 
Time, Seconds 


Fig. A—Isothermal Transformation Diagram for 3 Per 
Cent Chromium Steel. Open Circles, Points Determined Metal- 
lographically. Solid Circles, 0.5 Per Cent and 99.5 Per Cent 
Extension in Dilatometer. 


per cent carbon. From metallographic examination of specimens it was decided 
that the enriched austenite surrounds the ferrite. 

The carbon gradient surrounding each ferrite needle must be somewhat as 
represented in Fig. B. The ordinate is carbon content—the abscissa is the dis- 
tance removed from the center of the ferrite needle in some crystallographic 
direction. A represents approximately the interface. 

Assume now that diffusion of carbon has taken place in the austenite only. 
It is immediately evident that the rate of diffusion has varied as a function of 
the composition. 

The variation of the carbon diffusion is very interesting. To the left of 
the interface A carbon has diffused at a greater rate than it has in the region 
immediately to the right of the interface. Yet this carbon-rich zone has had 
to move a very great distance to account for its carbon content, as well as 
to allow the precipitate structure to develop to its final size. 
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It is important to note that the rate of carbon diffusion varies in the man- 
ner shown above under these conditions. Of still greater importance is the 
realization that this carbon diffusion has from the start been up a concentration 
gradient, rather than down as would normally be expected. 

Of importance is the time required at this temperature for the development 
of this concentration gradient. This time may be considered as something over 
an hour. A specimen of this steel transformed at 475 degrees Cent. for 3 min- 
utes is about 10 per cent transformation product. A consequence of this trans- 
formation is the enrichment of some austenite to a degree comparable with that 





Ca 4a 
-4 


Fig. C 


for the specimen transformed at 500 degrees Cent. (930 degrees Fahr.) for 26 
hours. Transformation at this temperature begins in 30 seconds. Therefore, 
the apparent increase in the rate of carbon diffusion must be by a factor of the 
order of 120 times on lowering transformation temperature 25 degrees Cent. 

Certain other data could be presented to show the same phenomena de- 
scribed above. It is necessary to conclude that the rate of carbon diffusion may 
increase with falling temperature and may be discontinuous at constant tem- 
perature. Diffusion data obtained by the normal methods thus are not ade- 
quate to help in the solution of the problem considered. 

Klier and Lyman state “that concepts of nucleation and grain growth cannot 
assist in the formulation of a theory of the bainite reaction”. This statement 
may be elucidated as follows: 

In Fig. C are presented curves representing the carbon concentration 
measured along some crystallographic direction away from the center of a 
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nucleus at the instant of its formation, and after various degrees of its growth. 
Such transformation should be readily observable under the microscope and 
should develop a characteristic microstructure composed of a series of different 
sized precipitate particles—all otherwise metallographically identical. 

One other condition only is realizable to account for this transformation on 
the assumption that the carbon diffusion takes place in the austenite lattice. 
This consists in the formation of the precipitate particle as low-carbon austenite 





Fig. D 


followed by a lattice transformation of this low-carbon area. These conditions 
are indicated in Fig. D. 

A in Fig. D is selected as some point in the austenite matrix which at 
some future time will become the center of a ferrite needle. Curves a, b, c and 
d represent the carbon content in the face-centered cubic lattice after the indi- 
cated relative growth of the low-carbon region. Curve e is little different from 
curve d, the main difference being that the dotted line represents the region 
which has converted to the body-centered cubic lattice—the ferrite structure. 
This scheme calls for a steady increase in the diffusion coefficient with increas- 
ing transformation until a maximum is reached; this is followed by a large 
decrease—to account for the long delay in the erasure of the high-carbon areas. 

If the second description of transformation to “ferrite” and bainite be con- 
sidered correct, the metallographic evidence would be quite characteristic. Thus 
the initial stages of transformation would probably escape metallographic detec- 
tion. ‘This is especially true due to the occurrence of the martensite reaction 
on cooling of these steels. In the later stages of transformation, however, it 
should be possible to develop relief effects, between the very low carbon mar- 
tensite and the relatively high carbon martensite surrounding it. Structures 
developed in various steels in this range are presented in Figs. E and F. 

In Fig. E it is especially evident that two precipitate structures are de- 
veloped. The first is crisply outlined resulting from the presence of well 
defined grain boundaries. The second structure is poorly defined at the bound- 
aries evidently being etched into relief. On continued holding this second struc- 
ture disappears with an increase in amount of the first considered precipitate. 
The small particles to be expected from nucleation and growth are not present 
in any of the structures examined. 

It appears reasonable to accept the second description of the mechanism 
by which the ferrite considered and bainite are formed. * 
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It is evident that the concept of nucleation and grain growth is not adequate 
to account for the phenomena which have been described. Two experimentally 
determined facts—the diffusion phenomena described above and the temperature 
dependence of the degree of completion of the bainite reaction (a point well 
brought out by numerous investigators) virtually preclude the possible modifica- 


tion of the nucleation and grain-growth theory to account for the bainite reac- 
tion. 


Fig. E—Silicon-Manganese-Molybdenum Steel Containing 0.51 Per Cent Carbon 
Transformed 300 Seconds at 970 Degrees Cent. Etched in Vilella’s Reagent. Xx 1000. 


Fig. F—Manganese-Molybdenum Steel Containing 0.29 Per Cent Carbon Trans- 
formed 100 Seconds at 970 Degrees Cent. Etched in Vilella’s Reagent. x 1000. 


The theory of nucleation and grain growth does not explain the martensite 
or bainite reactions. Even in an explanation of the pearlite reaction, serious 
difficulties are encountered. Only by allowing both the rates of nucleation and 
growth to vary can the known experimental data for steels be explained. 

The transformation phenomena occurring in hypereutectoid steels, i.e., the 
proeutectoid precipitation of carbide, does not argue well for the notion that 
pearlite is nucleated by this carbide. It would seem that even here the concept 
of nucleation does not permit of simple interpretation. Further, in the hypo- 
eutectoid steels, as is obvious from proeutectoid ferrite precipitation, the forma- 
tion of a ferrite nucleus is much easier than the formation of a carbide nucleus. 
Thus in hypoeutectoid steels, ferrite nucleation does not restrict the pearlite 
reaction, while in hypereutectoid steels, carbide nucleation does not restrict this 
reaction. 








' 
; 


360 TRANSACTIONS OF THE A. S. M. Vol. 35 


It would appear that for the pearlite reaction the rates of nucleation of 
ferrite and carbide are interdependent and equal once proeutectoid precipitation 
is complete. In terms of nucleation, this virtually calls for a duplex nucleus, 
which though a rather improbable notion could at least account for the separa- 
tion of the proeutectoid reaction from the pearlite reaction. 

Written Discussion: By Howard S. Coleman, department of physics, 
The Pennsylvania State College, State College, Pa. 

It occurs to me that the paper in question is very well done,-and is of con- 
siderable importance from both the theoretical and experimental point of view. 
Insofar as the experimental results are concerned, it is evident that a great 
many useful data have been accumulated. 

It occurs to me that several valuable theoretical points have been made. 
It would be very desirable to pursue Mr. Ham’s reasoning a little further with 
respect to the number of “jumps” an atom takes per second as a function of the 
concentration, inasmuch as the results will be applicable to other similar metallic 
systems. 

Author’s Reply 


I wish to thank Mr. Klier for his discussion of this paper. It provides an 
opportunity to emphasize and clarify some of the more fundamental concepts of 
the diffusion process. I do not suggest that diffusion data obtained in the con- 
ventional manner are indicative even qualitatively of the conditions under which 
diffusion takes place during the decomposition of austenite, nor that all rates 
of diffusion decrease with a decrease in temperature. The conditions under 
which diffusion takes place are determined by the type and rate of nucleation 
and by the nature of the products of transformation. I do assert that all 
diffusion coefficients decrease with a decrease in temperature and I have care- 
fully distinguished between diffusion rates and diffusion coefficients in this 
paper. The diffusion rate increases as the concentration gradient increases. 
The diffusion coefficient does not. The diffusion rate can be increased by a drop 
in temperature only if the concentration gradient is thereby increased. It is 
not surprising that Mr. Klier has found evidence that diffusion rates can in- 
crease as temperature decreases. Studies of the rate of growth of pearlite in 
plain carbon steels confirm this. However, nowhere in the evidence cited by 
Mr. Klier do I find any indication that diffusion coefficients can increase as 
temperature decreases or that they are not applicable to the diffusion proc- 
esses occurring during the transformation of austenite. Mr. Klier’s statement 
that the rate of diffusion of carbon may be discontinuous at constant temperature 
is certainly correct. It is discontinuous for instance in the sidewise growth of 
pearlite. Fig. B presented by Mr. Klier showing the concentration of carbon 
as a function of the distance during the growth of ferrite seems quite reasonable 
qualitatively. It seems to me, however, to show clearly that carbon is diffusing 
in the austenite away from the advancing ferrite interface in the direction ex- 
pected from the concentration gradient shown. In stating that carbon diffuses 
against the concentration gradient, perhaps Mr. Klier refers to the transfer 
of carbon atoms across the phase boundary, although I see no necessity for 
such transfer from ferrite to austenite, that is, against the so-called concentration 
gradient at the interface. Diffusion coefficients measured in the ordinary manner, 
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of course, give no indication of the rate at which the atoms involved might 
cross the phase boundary. Such processes and the concentration differences 
associated with them, if referred to as diffusion, should be carefully distinguished 
from the diffusion processes occurring in a single phase under the influence of 
ordinary concentration gradients. 

Referring again to the growth of ferrite in Fig. B, Mr. Klier says that 
the rate of diffusion has varied with composition. The manner in which the 
diffusion coefficient of carbon in austenite varies with concentration is well 
known. Aside from this, the rate of diffusion can be different at different 
concentrations only if the concentration gradient also is different. 

In view of what I have already said, I cannot agree with Mr. Klier con- 
cerning the nature of the diffusion processes which might accompany the for- 
mation of bainite. The assumption of the duplex ferrite-carbide nucleus seems 
to complicate the picture of the austenite-to-pearlite reaction unnecessarily 
since ferrite nucleation automatically follows the nucleation and growth of a 
carbide plate. 

I wish to thank Dr. Coleman for his encouraging remarks. I certainly 
intend to pursue further the theory of substitutional diffusion, and any 
suggestions by Dr. Coleman would be very welcome indeed. 
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CAPILLARITY OF METALLIC SURFACES 


By E. R. PARKER AND R. SMOLUCHOWSKI 


Abstract 


Certain phenomena observed in brazing and coating 
operations can be roughly correlated on the basis of a 
simple consideration of surface energies and geometrical 
factors. It 1s shown that the balance of changes of the 
solid-liquid, solid-air and liquid-air surface energies de- 
pends upon the capillary roughness of the metallic surface. 
The roughness ts approximated by a groove of an angle 
a inclined to the surface of the metal at an angle B. 

Experiments were made with liquid silver spreading 
on variously treated iron (6 per cent Mo) surfaces at 
1200 degrees Cent. (2190 degrees Fahr.). The dependence 
on the angle a was qualitatively checked on 60, 90 and 
120-degree grooves machined in the surface. Further- 
more, the influence of grinding, polishing and etching 
was also studied. Liquid metal spreads best on finely 
ground or on polished and etched surfaces both of which 
have fine capillary structure; it does not spread on pol- 
ished surfaces under the same conditions. 


HE spreading of liquids over the surface of solids is important 

in many engineering fields. In metallurgy this phenomenon is 
of particular interest because of problems arising in brazing and 
coating. For example, it is very difficult to get liquid silver to flow 
over a smooth, clean surface of iron. It will be shown later, how- 
ever, that silver spreads very readily if that surface has had certain 
treatments. The considerations outlined herein are helpful in under- 
standing some of the strange happenings reportedly occurring in 
brazing and coating operations. 

The behavior of a liquid on a solid metallic surface depends en- 
tirely upon the condition of the surface. A critical survey of vari- 
ous theories of capillarity and of spreading of liquids on solids* indi- 


1R. S. Burdon, “Surface Tension and the Spreading of Liquids,’’ Cambridge Univer- 
sity Press, 1940. 





A paper presented before the Twenty-sixth Annual Convention of the So- 
ciety held in Cleveland, October 16 to 20, 1944. Of the authors, E. R. Parker 
is associated with the University of California, Berkeley, Cal., and Roman 
Smoluchowski is associated with the Research Laboratory, General Electric Co., 
Schenectady, N. Y. Manuscript received May 31, 1944. 
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cates that there is no simple and complete theory of the phenomena 
involved. Therefore, in the following attempt to correlate and to 
explain qualitatively certain observations made on the spreading of 
liquid metals on solid metals, considerations have been limited to the 
notion, of surface energy and to some simple geometrical factors. 
No attempt has been made to go into the details of the atomic pic- 
ture of the mechanism of the spreading of liquids. 


THEORETICAL CONSIDERATIONS 


Spreading of a liquid on a solid surface depends upon the rela- 
tive magnitudes of the surface energies (per unit of area) of the 
air-solid surface ys, air-liquid surface yz, and solid-liquid surface 
ys Spreading of the liquid decreases the air-solid surface and 
increases the other two surfaces. If the balance of these energy 
changes is negative, that is, if the total energy of the system de- 
creases, then the liquid will spread, otherwise it will tend to cover 
a minimum area of the solid. The following considerations deal only 
with small quantitiés of the liquid so that surface phenomena play 
the preponderant role, while gravity and hydrodynamics are of sec- 
ondary importance. The condition for spreading is thus: 


nial ita Ait Ree i eS e (1) 


where 5s,5; and ds, are the changes of the area of the three surfaces. 


On a flat surface 5; = ds, — — ds approximately, and the condition 
for spreading is: 


Ser re TAP os vce ta on cee ata Fi Vics wa ps ae (2) 


If the surface of the metal is covered with grooves such as those 
schematically illustrated in Fig. 1, the energy balance is altered and 
the liquid will spread more readily over the surface of the solid. In 

dis. 1 the angle of the grooves is a and the bisector of this angle 
makes an angle 8 with the direction normal to the surface of the 
liquid. If the distance between the edges of the groove is of capillary 
size and the angle a is not too large, then the liquid will rise to the 
top of the groove. The grooves in this case act like capillary tubes 
causing the liquid to move rapidly in them. Let us assume for sim- 


2In these considerations it is alsc possible to use the surface tension which is numeri- 
cally equal to surface energy. 
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Fig. 1—Schematized Capillary Grooves ona Metallic Surface. 


plicity that the front surface of the liquid is flat and that it has 


moved from position 1 to position 2. The following changes of area 
have occurred: 


a 
di, =ab; 53s = — dst = — abcos Bcsc — 


Thus the total energy has changed by an amount proportional to 


a 
ee Sew prdetecoevcieeveteue (3) 


and the condition for spreading of the liquid is A<O which depends 
upon angles a and ~. Thus on a flat, polished surface (a — 180 
degrees) the liquid may not spread at all (A>QO) but on a grooved 
or etched surface it will. Etching does not produce, in general, regu- 
lar grooves on the metallic surface; however, the structure of an 
etched surface can be considered as made up of an irregular super- 
position of short grooves. The considerations remain valid. Since 
the surface energies depend on temperature, the condition A<G@® 
may be satisfied in one range of temperature and not satisfied in 
another. 

Formula (3) helps also to understand the observed influence of 
the orientation of grains on spreading. Etching reagents preferen- 
tially expose certain crystal planes and thus the angle 8 changes 
from one grain to another. In this way the energy balance A is in- 
fluenced by the orientation of the individual grain. 
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On the basis of these considerations, it seems reasonable that 
liquids should spread much better on rough (etched) metal surfaces 
(small a) and (depending upon the type of etching reagent used) 
spreading should be better on those grains of metal on which the 
exposed crystal planes are about equally inclined to the surface 
(small 8). Similar considerations presumably govern the relative 
value of various etching reagents and various etching methods. 

Whenever the grooves are too wide or too flat to be filled up to 
the edges by capillary action the liquid will move along the bottom 
of the groove and an estimate of the effect of the angle can be ob- 
tained in a different manner. It is a known fact that liquids rise 
between two vertical parallel plates by an amount which is approxi- 
mately proportional to the reciprocal of the distance between the 
plates. Similarly, in the case of grooves on a metallic surface, the 
capillary action is strongest right on the bottom of the groove, and 
there the liquid may be expected to spread first, forming a layer on 
which subsequent layers of liquid move with greater ease. The 
volume of liquid, which is strongly affected by the proximity of the 
two walls of the groove, depends on the angle a between the walls. 





For O<a< 5 this volume is approximately proportional to — 
sin a 


and for 7 <a< 7 to Ctg 5 . This consideration is important in the 


case of large vertical grooves in which the range of capillary forces 
is relatively small so that gravity has to be taken into account. In 
this case the height to which the liquid will rise is not only affected 
by the balance of the surface energies but also by the volume of 
liquid which is to be raised. 


EXPERIMENTAL RESULTS 


Experiments were made on flat metallic surfaces subjected to 
various treatments and also on grooved surfaces in order to study 
the fundamental mechanism of spreading. The base metal was iron, 
to which about 6 weight per cent molybdenum was added to prevent 
the occurrence of a—y transformation. 

Fig. 2 illustrates the effect of the angle a on the rise of liquid 
in grooves. The iron sample had small V-shaped grooves 0.005 
inch deep machined in the surface Three angles were used: 60, 
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90, and 120 degrees. The iron sample was placed in a hydrogen 
furnace with the grooves vertical and with a little silver at its base. 
It was then heated at 1200 degrees Cent. (2190 degrees Fahr.) for 
20 minutes. The silver melted and rose rapidly in the 60-degree 
grooves; slowly in the 90-degree grooves; and it hardly rose at all 
in the 120-degree grooves. This behavior is in agreement with the 
qualitative conclusions from the theoretical considerations. 

A special study was made of the influence of various surface 
treatments of the iron samples. For this purpose an area of about 





o leo 60° 


Fig. 2—Liquid Silver Rising on an Iron Surface 
Covered with Capillary Grooves of 60, 90 and 120 De- 
grees. (actual size) 





5 square inches was treated in various ways, i.e., with a grit belt, 
sandpaper, polishing and etching with various reagents. By means 
of a profilometer the average*® roughness on the surface was deter- 
mined. Then a small disk of silver sheet was placed in the center 
of each iron sample. The silver was melted in contact with the iron 
by heating in a hydrogen furnace at 1200 degrees Cent. (2190 de- 
grees Fahr.) for about 20 minutes. The sample was cooled in hy- 
drogen in the water-cooled chamber of the furnace. Fig. 3 shows a 
column of silver advancing in a groove (x 100, No. 50-grit belt, 





®Root mean square deviation from perfect flatness. 
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Fig. 3—Column of Silver Moving Forward in a Groove on a Ground Iron Surface 
(50-Grit Belt, Roughness 65 x 10-* Inches, * 100). 





Fig. 4—Silver Filling a Network of Grooves on a Ground Iron Surface (120-Grit 
Belt, Roughness 23 x 10-* Inches, x 100). 


roughness 65 x 10° inches). The sharp boundary between the full 
and the empty part of the groove is clearly seen. A similar view is 
shown in Fig. 4, where a meshwork of grooves is covered with silver 
(<< 100, No. 120-grit belt, roughness 23 x 10°° inches). 
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Fig. 5—Silver Spreading Along Grain Boundaries on an Iron Surface (3/0 Emery 
Paper, Roughness 1.5 x 10 Inches, X 100). Solid Mass of Silver Appears Dark Due 
to an Illumination Effect. 





Fig. 6—Silver Spreading Along Grain Boundaries on a Polished and Etched Iron 
Surface (10 per cent nital, roughness 5.5-6x 10 Inches, K 100). Solid Silver Ap- 
pears Dark Just as in Fig. 5. 


Fig. 5 shows a surface finished on 3/0 emery paper (roughness 
1.5 x 10° in.) on which during heating the heat etching* effect made 


40. O. Miller and M. J. Day, Transactions, American Society for Metals, Vol. 30, 
1942, p. 541. 
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Fig. 7—Silver Spreading on a Polished Surface Along Grain Boundaries Before 
and After New Grains Were Formed (High Polish, Roughness 0, x 100). 


8—Silver Spreading on a Roughly Polished (Left) Iron Surface as Compared 


Fig 
With a ew ell Polished (Right) Surface (actual size). 


the grain boundaries well visible. These boundaries are narrow 
grooves along which silver moves forward more rapidly than on the 
surface of the grains. The difference of color between the big, dark 
mass of silver on top of the picture and the white silver along grain 
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Fig. 9—Silver Spreads Very Little on a Surface Polished with Emery Paper (Left) 
but It Covers the Whole Iron Boat Which Was Polished and Etched with 50 Per Cent 
HNOs (Right) (actual size). The Silver Covered Boat Appears Dark Due to an 
Illumination Effect. 


boundaries is due to an illumination effect. Fig. 6 shows a similar 
effect on a surface etched with 10 per cent nital. In Fig. 7 are 
visible both the old and the new grain boundaries formed by grain 
growth during heating. Here silver started spreading along the old 
boundaries and then, after the grain structure had changed, it fol- 
lowed the new boundaries. The fine pattern is due to the presence 
of some surface oxide which formed during cooling. Fig. 8 shows 
a typical pattern obtained on a roughly polished surface compared 
with a well polished surface. The preferential spreading along the 
grooves is easily visible. Fig. 9 shows the difference in behavior be- 
tween a sample etched with 50 per cent nitric acid and an unetched 
surface (both thoroughly cleaned). The silver spread over an area 
about one half inch in diameter on the unetched sample but spread 
out into a uniform thin layer on the etched surface. The silver in 
this case actually flowed up the walls of the iron boat, down the out- 
side, and completely across the bottom, resulting in a sample with a 
uniform silver plate. 

The purpose of these simple considerations and experiments is 
to establish a rough correlation of the observed facts. It is clear 
that in a more quantitative analysis of the phenomena involved, other 
additional factors should be taken into account. 
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CONCLUSIONS 


1. Some of the phenomena observed in brazing and coating can 
be correlated on the basis of a simple theory which takes into account 
the roughness of the surface and the surface energies. 

2. Cleanliness of a metallic surface is in itself not sufficient to 
insure spreading of a liquid metal over the surface of the solid. 

3. The presence of capillary grooves, machined or etched, and 
of grain boundaries on metallic surfaces greatly facilitates the 
spreading of a liquid metal. This depends upon the etching reagent 
as well as upon the orientation of the grains. 


DISCUSSION 


Written Discussion: By D. L. Martin, Research Laboratory, General 
Electric Co., Schenectady, N. Y. 

The authors are to be complimented for a very interesting and instructive 
paper. They have demonstrated clearly the importance of capillarity in any 
process involving the spreading of a molten metal, as in brazing or dip-coating. 

I would like to cite two other instances where capillary action is operating: 

1. When a copper-tungsten powder compact is heated to 1200 degrees 
Cent. (2190 degrees Fahr.), globules of molten copper form on the surface as 
in Fig. A. Upon heating to a higher temperature or holding a longer period 
of time at 1200 degrees Cent. (2190 degrees Fahr.) the liquid is drawn back 
into the sample to leave the surface smooth as in Fig. B/ This strange phenom- 
enon was observed many years ago but was not explained until the authors’ 
work on capillarity was made known. The molten copper is drawn back into the 
porous compact because of capillary action. 

2. Since the pores or channels between powders in a.pressed compact act 
as capillary tubes it should be possible to make an alloy by capillary penetra- 
tion. For example, if a pressed cylinder of iron powder is placed on a copper 
sheet, as is illustrated in Fig. C, and the whole assembly heated to 1200 de- 
grees Cent. (2190 degrees Fahr.), we might expect the copper to penetrate 
into the iron mass. The photomicrograph in Fig. D shows that is exactly what 
occurred when the experiment was performed. The molten copper was drawn 
up into the pores of the iron compact to form a very dense alloy. 


Oral Discussion 


C. J. Brer:* The previous comment on copper-iron briquettes has brought 
up the question of the influence of capillarity on powder metallurgy techniques. 
That sintering operation which relies on one metal powder which becomes 
molten to bond a second metal powder which remains solid is concerned with 
this subject. However, a complex three-dimensional capillarity is observed, 


since the green briquettes are porous. Very little is known about the mech- 
anism of this reaction. 


‘Director of research, H. L. Crowley and Co., Inc., West Orange, N. J. 
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Fig. A—Appearance of Copper-Tungsten Pow- 
der Compact. Heated for a Short Period of Time 
to 1200 Degrees Cent. Xx 1. Note the Excess 
Copper on the Surface. Fig B—Same as Fig. A 
but Heated a Longer Period of Time to Allow the 
Copper to be Drawn Back into the Sample. 

Fig. C—Copper-Iron Alloy Made by Capillary 
Penetration of — into Pressed Iron Powder. 
Sketch of Assenkiy. Fig. _D—Photomicrograph 
Taken Near the Top of the Sample Showing that 
the Copper (Light Areas) Has Flowed into the 
Pores Between the Sintered Iron Particles. X 250. 


Vol. 35 


The work reported by the authors in their enlightening paper has been a 
good start on the general subject of the capillarity of metal surfaces. 
hoped that their further studies will be concerned with some of the problems of 
capillarity encountered in powder metallurgy. 


It is 
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Authors’ Reply 


Dr. Martin has given us some very interesting examples of metallurgical 
experiments in which capillarity plays an important role. A closer investiga- 
tion of the “sweating out of copper” and the subsequent “clean-up effect” shows 
that the sweating occurs just above the melting temperature of copper and it 
occurs all over the surface of the pressed tungsten-copper sample. The reason 
for this sweating is probably thermal expansion of copper which at the melting 
point has low viscosity and cannot penetrate into the thin pores. At higher 
temperature, viscosity of copper decreases rapidly and the capillary forces suck 
it back into the porous block. In Fig. A copper has already disappeared in the 
central part of the block either because of a slightly higher temperature or be- 
cause of the usually lower density (larger pores) in that part of pressed blocks. 

Mr. Bier points out the very interesting and complex problem of capillar- 
ity in powder metallurgy. In order to make a quantitative study of the role 
of capillary forces in sintering, one needs first a proper estimate of the size 
and distribution of porosities in pressed powders. Then a series of sintering 
experiments under controlled conditions can give the right answer. Work 
along these lines is partly in progress. 








A COMPARISON OF MICROHARDNESS 
INDENTATION TESTS 


By Dovuctas R. TATE 


Abstract 


The Tukon and Eberbach testers have extended the 
range of hardness tests to small areas, thin surface layers 
and brittle materials. The indentation numbers obtained 
with these machines are not, however, independent of 
load, a fact which makes advisable an examination of the 
reasons for this lack of uniformity. Comparison data for 
the two testers throughout their common range of loads 
are presented and, in addition, theoretical reason and ex- 
perimental evidence is advanced to show that Knoop in- 
dentation numbers are not based on unrecovered indenta- 
tion areas. Recommendations are made for the specifi- 
cation of indentation numbers. 


INTRODUCTION 


EW fields of metallurgical research have been opened by the 

development of the Tukon tester and the Eberbach tester, 
each having different methods of applying load but covering a com- 
parable range of loads. Both of these testers have found uses in 
production control; and already specifications have been written con- 
taining requirements for the Knoop number. 

It has been noted by several observers’ that for a number of 
materials the Knoop number is consistently slightly higher at low 
indenting loads. This has been ascribed to work hardening of the 
surface during preparation of the specimen. The fact that:no effect 


- of similar magnitude has been observed in indentations made with 


the Vickers indenter under low loads raises the question of whether 
the increase in Knoop number is due to properties of the materials or 
to some characteristic of the test itself. 

If the effect is due to some characteristic of the test, this factor 


1Constance B. Brodie, ““The Microhardness Tester as a Metallurgical Tool,’’ Transac- 
tions, American Society for Metals, Vol. 33, 1944, p. 126. 


A paper presented before the Twenty-sixth Annual Convention of the So- 
ciety held in Cleveland, October 16 to 20, 1944. The author, Douglas R. Tate, 


is associated with the Engineering Mechanics Section, National Bureau of 
Standards, Washington, D. C. Manuscript received June 2, 1944. 
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should be taken into account in the interpretation of results which 
involve the comparison of indentation numbers calculated from in- 
dentations made under different indenting loads. The purpose of 
this paper is to examine results obtained with the two microhardness 
testers: mentioned previously, and to compare their performance at 
low loads. 

The results are based upon tests made at the National Bureau 
of Standards, in which both Knoop and Vickers indenters were used 
under controlled conditions. 





Fig. 1—The Tukon Tester Showing the Control Box. 


THE TuKON TESTER 


The Tukon tester, Fig. 1, consists of a counterbalanced beam 
supported by an insulated contact and a fulcrum knife-edge. An 
indenter is attached at one end of the beam and a weight hanger is 
suspended from a knife-edge midway between the indenter and ful- 
crum knife-edge. 
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The specimen is placed on a table carried by an elevating screw 
which is actuated by a reversible motor and worm gear. 

In operation the specimen is placed on the table and a button 
momentarily depressed. The elevating screw motor starts driving 
the elevating screw upward and continues until the specimen con- 
tacts the indenter and lifts the loaded beam free of the insulated con- 
tact support. After a timed interval, a lifting fork automatically lifts 
the beam and indenter free of the specimen while the elevating screw 
motor lowers the specimen. The beam is then returned to its in- 
sulated support and the cycle is complete. 

A set of weights is included providing a range of indenting loads 
from 3600 to 100 grams. If desired, the range may be extended to 
25 grams by means of a special hanger. This tester is now produced 
with a solenoid device to eliminate errors due to the inertia of the 
beam and weights as well as a spring device to prevent play of the 
elevating screw in its bearing. 

Although the Tukon tester is supplied with the Knoop indenter”, 
it can easily be adapted to the 136-degree Vickers diamond pyramid 
indenter. 


THE EBERBACH TESTER 


The Eberbach tester, Fig. 2, consists of a spring loaded Vickers 
indenter moving axially in a bearing which may be attached to the 
barrel of a microscope in place of the standard objective lens mount. 
In making a test the indenter is lowered onto a specimen on the 
microscope stage by the fine adjustment. An electronic device indi- 
cates when the full indenting load is applied to the specimen. 

An Eberbach tester used for the tests reported in this paper 
was equipped with six interchangeable helical springs giving a range 
of indenting loads from about 835 to 26 grams when calibrated for a 
vertical type microscope. If calibrated for a microscope of the type 
in which the specimen is viewed from below, this tester would have 
had a range from about 817 grams to 7.5 grams. The difference is 
due principally to the weight of the indenter spindle and springs. 


CALIBRATION 


Three Tukon testers in use at the National Bureau of Stand- 





2F. Knoop, C. G. Peters and W. B. Emerson, “A Sensitive Pyramidal-Diamond Tool 
for Indentation Measurements,” Journal of Research, National Bureau of Standards, Vol. 
23, July 1939, p. 39. 
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Fig. 2—The Eberbach Tester Mounted on a Vertical Type Microscope Showing 
the Contact Indicator Box and One of the Loading Springs. 


ards have been calibrated using an equal arm balance and an elec- 
tronic contact indicator. The errors in the indenting loads were 
less than 0.3 per cent for all three machines. The errors due to the 
balance and weights did not exceed 0.01 per cent. The indenter com- 
plied with the National Bureau of Standards tentative specifications 
for Knoop indenters. 

The Eberbach tester was calibrated using similar equipment. 
This tester, according to the manufacturer’s instructions, should be 
calibrated each time one of the load applying springs is removed 
from the device. If this precaution is observed, the indenting load 
may be known to within about 1 per cent unless the device is jarred 
or the spindle and guide allowed to become dirty. No tests were 
made to determine how this indenting load would change with time. 
Probably the device should be calibrated before using it each day. 

If the manufacturer’s instructions regarding calibration each 
time a spring is removed from the tester are disregarded, errors as 
great as 4 to 5 per cent in the indenting load may be expected. 

Provided the machines are in proper working order and are 
calibrated, the principal source of uncertainty in the determination 
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of Knoop and Vickers numbers with the Tukon tester and of Vickers 
numbers with the Eberbach tester lies in the measurement of the in- 
dentation lengths. An error of 1 per cent in measurement of an 
indentation will lead to an error of twice that amount or 2 per cent 
in the indentation number, since the length of the indentation appears 
as a second power factor in the formulas for the indentation num- 
bers. : 

A micrometer microscope used for such work should always be 
calibrated against some known standard. Even when this has been 
done, inequalities in the skill and eyesight of different observers may 
lead to considerable differences in results reported for the same in- 
dentation. The microscope should be used at the highest magnifica- 
tion practicable, in order to resolve the ends of the indentation to 
the fullest extent. The micrometer microscope employed in the 
measurement of the results quoted in this paper was checked with a 
calibrated stage micrometer. 

The uncertainty in the measurement of the diagonals of the in- 
dentation is the principal objection to the use of the Vickers indenter 
at low loads. The Vickers indentation is so small that it is difficult 
to obtain reproducible results even with an excellent surface finish. 
The Knoop indentation is about three times as long as a Vickers 
indentation made under the same load and in the same material. 


EFFECT OF LOAD ON INDENTATION HARDNESS 


Three specimens were prepared by the Optical Shop of the 
National Bureau of Standards using low speed wet hand lapping 
methods and were polished to optical finish on low speed wet cloth 
and pitch laps. The specimens included a Rockwell test: block, a 
block of stainless steel of the cutlery type heat treated to about Rock- 
well C-48 and a block of medium flint optical glass. 

The indenting loads ranged from 1000 to 25 grams except for 
the Vickers tests on glass for which they ranged from 100 to 25 
grams. The results are shown graphically in Fig. 3. Each point 
represents the average of ten indentations made in a calibrated. Tu- 
kon tester. 

The results clearly show an increase in Knoop number with low 
loads, particularly in hard materials, and a similar but less pro- 
nounced effect with the Vickers indenter. The curves for the Knoop 
number for these three rather different materials possess such a 
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noticeable similarity that one might conclude that the effect is due 
not so much to the physical characteristics of the materials as to the 
characteristics of the test itself. 

Knoop, Vickers, Brinell and other less common indentation 
numbers are defined as the average stress over an area associated 
with the indentation. The deformation produced by a loaded in- 


Fig. 3—The Relation of Indentation Number to 
Indenting Load. 


denter is in part elastic and in part plastic. Upon removal of the 
indenter an appreciable part of the elastic deformation disappears. 
The amount of elastic recovery is dependent on factors such as the 
susceptibility of the materials to cold working, shape of the indenter 
and indenting load. 

In the case of the Knoop indenter, Knoop, Peters and Emerson? 
assumed that since the major portion of the elastic recovery of a 
Knoop indentation takes place along the shorter diagonal, the elastic 
recovery of the long diagonal could be considered negligible. The 
indentation number determined by a measurement of the long diag- 
onal would then be an unrecovered indentation number. That is, an 
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indentation number calculated on the basis of the area of contact of 
indenter and specimen when under load. Further consideration, 
however, indicates that the recovery of the long diagonal may not 
be a negligible factor. 

The material at the end of the long diagonal of a Knoop inden- 
tation has been strained sufficiently to produce a permanent deforma- 
tion. If this were not so, there would be no indentation to see in 
the microscope at that point. However, since the amount of de- 
formation decreases with increasing distance from the center of the 
indentation, it is not an unreasonable assumption that immediately 
beyond the tip of the indentation lies material which was deformed 
elastically by the loaded indenter and recovered when the indenter 
was removed. 

If this is so, and if a Knoop indentation could be observed 
under load, the long diagonal would be observed to shorten upon the 
removal of the load. 

Since the geometrical relationship between the surfaces of the 
indenter and the specimen at the ends of the diagonals of the inden- 
tation is independent of the load, it might be expected that for any 
given specimen the amount of shortening would be, to a first ap- 
proximation, independent of the indenting load. A constant recovery 
such as this would be a larger percentage of the total length of the 
long diagonal in small indentations than in the case of larger inden- 
tations and would cause an apparent increase in hardness in indenta- 
tions made at low loads. 

This same theory applies also to Vickers indentations, but the 
change in length would be only about one-fifth as great because of 
the larger angle between the edge of the Vickers indenter and the 
surface of the specimen. 

In order to determine approximately the recovery of a Knoop 
indentation upon removal of the indenting load, the following ex- 
periment was performed. 

A glass specimen was mounted on the stage of a microscope so 
arranged that a moderately high powered objective lens giving a 
total magnification of about * 400 could be focussed on the bottom 
surface of the specimen, i.e., looking at that surface through the 
specimen. A Knoop indenter was brought into contact with this 
surface from below by means of a lever operated by a suitable slow 
motion device, so that the indentation could be continuously viewed 
and measured while the loaded indenter was in contact with the in- 
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dentation, the magnitude of the load being determined by the lever 
ratio and the position of a dead weight. 

Three series of ten indentations each were measured under load 
and immediately after removal of the load. The glass specimen was 
not the ‘same glass as in the specimen of Fig. 3. The results of the 
experiment are given in the table. 


Length of Long Diagonal 


; After Removal 
Series 7 of Load Difference 
Microns Microns Microns 


1 90.8 85.4 5.4 
2 92.4 87.4 5. 
3 68.7 64.2 4. 

The results clearly indicate a recovery of about five microns. 
An interesting feature of this experiment was the appearance of a 
series of five or six interference bands extending out beyond the 
tip of each long diagonal of the Knoop indentation while the loaded 
indenter and specimen were in contact. The spacing of these bands, 
which were evidently formed between the edge of the indenter and 
the flat surface of the specimen, indicated that the specimen was quite 
flat along the extended line of the long diagonal. 

Taking five microns, the average of the three entries in the last 
column of the table, as the best available estimate of the recovery 
of a Knoop indentation diagonal, it is interesting to note the effect 
of applying this as an adjustment to the data for the Knoop curves 
in Fig. 3. The results of this adjustment are shown in Fig. 4. The 
adjusted curves are good approximations of constant values to about 
3 per cent. 

Since the amount of elastic recovery of the long diagonal is 
small, its effect should be negligible in indentations made under very 
heavy loads. The Knoop numbers of the Rockwell test block and 
the stainless steel block were determined under loads of 100 kilo- 
grams in a calibrated Vickers machine. Under this load the Knoop 
number was 770 for the Rockwell test block and 512 for the stainless 
steel block. These values agree with the average values of the ad- 
justed data, Fig. 4, to about 3 per cent for the stainless steel and 
better than 1 per cent for the Rockwell block. This indicates that if 
this adjustment is made the Knoop number for these specimens re- 
mains constant to within about 3 per cent for loads varying from 25 
to 100 kilograms, a ratio of 4000 to 1. 

This would seem to be fairly definite evidence that elastic re- 
covery of the long diagonal of a Knoop indentation does take place 
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upon removal of load in metals as well as in glass. If this is so, 
recognition of the fact should be made in the interpretation of experi- 
ments on hardness gradients, where indentation numbers obtained 
under different loads are compared with one another. It is, more- 
over, evident that an indentation number can have little meaning 
unless the indenting load in addition to the indenter is specified. 
The desirability of including a statement of the load with the 
indentation number has already been pointed out by Mr. Erle J. 
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Hubbard in a discussion of a paper by Mrs. Constance B. Brodie.' 
It is not proposed here that data obtained with Knoop indenters be 
corrected for the elastic recovery effect. It appears preferable to 
compute indentation numbers in the usual manner and to state the 
value of: the indenting load. 


CoMPARISON OF TUKON AND EBERBACH TESTERS 


Ten indentation tests were made with each of the six load 
springs in the Eberbach tester on the stainless steel block for com- 
parison with the Vickers indenter in the Tukon tester. The results 
of the comparison are shown in Fig. 5. Since the errors observed 
during calibration for load were not sufficient to explain the poor 
agreement of the results below 200 grams, it is believed that they 
are due to experimental errors of measurement. The results obtained 
with both testers were in good agreement at higher loads. 


SUMMARY 


Both the Tukon and Eberbach testers are satisfactory devices 
for applying indenting loads of 1000 grams and less. The Tukon 
tester can be used with both Vickers and Knoop indenters when a 
suitable adapter is provided, and the two machines give results in 
good agreement for indenting loads of 200 grams and greater. 

There is reason to believe that the Knoop number of a specimen 
increases with decreasing loads due to elastic recovery in the long 
diagonal. This would occur in a perfectly homogeneous specimen, 
although some surface hardening is probably always present. The 
results of an indentation test made at low loads must be regarded 
from the operational viewpoint. They are functions dependent on 
the indenting load and have little meaning without specification of 
the indenting load. 


DISCUSSION 


Written Discussion: Erle J. Hubbard, assistant to chief metallurgist, 
Koppers Co., American Hammered Piston Ring Division, Baltimore, Md. 

The information and data presented in Mr. Tate’s paper collaborate the 
work being done in our Research Laboratory on the correlation and relation- 
ship between the Knoop hardness and Rockwell hardness numbers. A consid- 
erable amount of work has been done which reveals that the lower loads on 
the Knoop indenter give considerably higher Knoop numbers. A number of 
explanations have been offered as to the cause of this. 
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Our investigations to date, although not complete, indicate that materials 
which normally show a higher Knoop hardness number appear to show a 
greater percentage of increase in hardness at the lower indenter loads than do 
softer materials. For example, a homogeneous material recently investigated 
and having a Rockwell 15-N hardness of 90.5 to 91.5 showed a drop in hard- 
ness from 912 Knoop hardness numbers at 100-gram load to 780 Knoop hard- 
ness at 1000-gram load. Whereas, a homogeneous material showing a Rock- 
well “C” hardness of 23.5 to 25.5 only showed a drop from a Knoop hardness 
of from 317 at 100-gram load to 294 at 1000-gram load. In the first case, the 
drop represented approximately a 14 per cent difference in hardness; in the 
second case, approximately 7 per cent drop in hardness. Nevertheless, the 
corrections applied to these hardness numbers as determined by Mr. Tate gave 
fairly consistent results as shown in the following table: 








Material No. 1 
Rockwell 15-N Hardness 90.5-91.5 








Length of Indentation | Knoop ; 


mm Hardness 
100-gram load before correction............. 0.0396 912 
1000-gram load before correction............. 0.1351 780 
100-gram load after correction.............. 0.0446 715 
1000-gram load after correction.............. 0.1401 725 


Material No. 2 
Rockwell “C” Hardness 23.5-25.5 


Length of Indentation Knoop 


mm Hardness 
100-gram load before correction............. 0.0670 317 
1000-gram load before correction............. 0.2200 294 
100-gram load after correction.............. 0.0720 274 
1000-gram load after correction.............. 0.2250 281 


From the information presented by Mr. Tate, it appears evident that the 
elastic recovery of the long diagonal is not a negligible factor. ‘Therefore, it 
appears to me that the Knoop hardness number tables need a revision or new 
tables be formed which would apply to the Knoop hardness numbers when 
loads less than 1000 grams are used on the Knoop indenter. 

Mr. Tate mentions that he does not propose that this be done and it is 
true that it is probably not necessary if the value of the indenting load be given. 
However, we have found that occasionally there is some question of Knoop 
hardness numbers when trying to convert these hardness numbers in terms of 
Rockwell “C” hardness or other hardness numbers more familiar to the industry. 

We have our own conversion tables made in such a manner that no matter 
what load is used on the Knoop indenter, we can determine what the corre- 
sponding Rockwell “C” hardness is within allowable tolerances. The setting 
up of these tables is quite an undertaking and offers many chances for experi- 
mental errors. 
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We have had little experience with the Eberbach tester but it has its appli- 
cations the same as does the Tukon tester. We have, however, attempted to 
use the 136-degree diamond with attachments for the Rockwell superficial tester 
and find that the impressions are difficult to read and, therefore, experimental 
errors are introduced. 

Written Discussion: By A. L. Rustay, assistant chief metallurgist, Wy- 
man-Gordon Co., Worcester, Mass. 

The Tukon hardness tester in use in our laboratory has been calibrated 
against Rockwell test blocks of various hardnesses. The results have shown 
that lighter load consistently gives higher hardness numbers. Fig. A shows 
that our data are in agreement with those obtained by Mr. Tate, as far as the 
general trend is concerned, when a correcting factor of 5 microns is added 
to the length of each indentation. 
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The hardnesses listed in the chart are the average of a number of readings, 
made by one person, of indentations made with a machine not equipped with 
the inertia correcting solenoid. 

Written Discussion: By L. P. Rice, metallurgist, Bendix Products Divi- 
sion, Bendix Aviation Corp., South Bend, Ind. 

Mr. Tate has presented some interesting and timely data on microhardness 
testing. The variations in hardness numbers encountered with loads under 
1 kg. are apparently explained and the usefulness of the Knoop indenter with 
small loads is greatly enhanced. 

This paper again makes us aware of the many peculiarities and factors in- 
volved in indentation hardness testing. Elastic recovery cannot be ignored 
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even with the Knoop indenter, as was previously believed. In Fig. 4 of the 
author’s paper, the shape of the corrected curves indicates that perhaps elastic 
recovery is not the only factor involved. There probably is some uncertainty 
in determination of the exact ends of the long diagonal of the Knoop indenta- 
tion in hard materials using a low load. Also, would not the elastic recovery 
change with the modulus of elasticity of the material under test? 

It is interesting to note that the microhardness numbers as obtained by the 
use of the two types of indenters are fairly comparable. This is true even 
though the basis for the mathematical determination of the hardness numbers 
is not on a strictly comparable basis. The Vickers hardness number is based 
on the area of contact between indenter and specimen using the measurement 
of the recovered indentation, whereas the Knoop hardness number is based on 
the “unrecovered” projected area of the indentation. 

If we base the Knoop hardness number on area of contact and compare this 
number with the Vickers numbers for the same material, we find a greater 

; spread between the hardness numbers. This spread or difference in hardness 
number will increase as the hardness of the material tested increases. 

With the correction for recovery of the Knoop indentation, the difference 

: in hardness numbers, regardless of how they are calculated, is made fairly uni- 
form for the various loads used. The reason for this difference is probably due 
. to the geometry of the two indenters. 

. The Knoop and Eberbach hardness tests will, no doubt, find increasing use 
i and will add to our interest in the theoretical aspects of hardness testing. 

H Written Discussion: By Charles A. Nagler, instructor of metallography, 
University of Minnesota, Minneapolis, Minn. 

The method used to study the recovery of a Knoop indentation upon 
removal of the indenting load was clever and interesting. According to the 
data gathered from the measurements, the recovery of the length of the long 
diagonal was approximately 5 microns. What loads were used in the three 
series of ten indentations made to note recovery? It would be interesting to 
know what effect or changes would be made on the curves for the Knoop tests 
shown in Fig. 3 if the correction for recovery were applied for the range of 
loads studied. In gathering the data for the curves in Fig. 4, was the assump- 
tion made that this recovery of 5 microns would apply to all loads? In com- 
paring, Fig. 4, indentation number on Knoop for the Rockwell bar, with the 
newly’ calculated indentation number, with that of Fig. 3, for the Vickers 
indentation number, the indentation numbers are not in good agreement. 

In working with chrome plated surfaces the generally used test has been 
to determine if the coating is file hard. In our laboratory attempts were made 
to establish Vickers indentation numbers, determined by the Eberbach tester, 
for this chrome plate. As was anticipated, the higher indentation numbers 
were characteristic of a chrome plate that was file hard, whereas the lower 
numbers were characteristic of chrome plates which were not file hard, 

In making the determination of the length of the diagonal it was necessary 
to magnify the impression 1000 times. In the calculation for the Vickers 
hardness number the following formula is used: 


L 
H = 1.8544 z 
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where H = Vickers number, L is the load in kilograms, and d is length of the 
diagonal in millimeters. An error in the measurement of the length of the 
diagonal is magnified in that in calculating the Vickers number the length of 
the diagonal is squared. An error in measurement of the length of the diagonal 
is magnified many fold in the actual hardness number calculated therefrom. 

In determination of hardness of chrome plate the length of the diagonal 
impressions varies from 5.5 to 10 millimeters at 1000 magnification which 
would when calculated show a Vickers hardness number of 1405 on the high side 
and 421 on the low side. In the hardness determinations the load in kilograms 
on the diamond was 0.02273. 

What have been your experiences, if any, in determining the hardness of 
chrome plate using either the Knoop hardness tester or the Eberbach hardness 
tester ? 

Written Discussion: By S. R. Williams, professor of physics, Fayer- 
weather Laboratory of Physics, Amherst College, Amherst, Mass. 

The investigation which Mr. Tate has made is an interesting one, because 
it is dealing with microhardness testers, and the writer of this discussion believes 
that microhardness testers offer some special advantages over others as 
research tools. 

There is one question, however, to be raised about all inter-comparisons 
of hardness testers and the obtaining of hardness conversion relationships: 
What effect does the anisotropy of the material being tested have upon the 
values used in the comparison work? 

In a paper which should have been ready, and is not, it has been shown 
that in making Brinell tests on cold-rolled nickel, brass and steel a variation 
of as much as 3 per cent exists between the Brinell hardness number when 
measured along a diameter parallel to the direction of rolling as compared 
with that at right angles to the same. 

The author hopes that when the war is over he will have an oppor- 
tunity to use the Knoop instrument on cold-rolled materials. Will the Knoop 
instrument minimize or exaggerate the effect of the anisotropy of cold-rolled 
materials? 

Apparently little attention has been paid to the effect of anisotropy in the 
many comparisons on hardness tests by different testers to be found in the 
large number of studies recently appearing on the comparison of hardness 
numbers. The older writers had a lot to say about the anisotropy of crystals 
in measuring their hardness. It is a subject deserving further study. 

Written Discussion: By Aaron M. White, associate metallurgist, War 
Department, Watertown Arsenal, Watertown, Mass. 

This paper is another contribution to the information concerning Knoop 
hardness measurements and serves to explain the anomaly whereby higher 
hardness numbers are obtained for lower indentation loads. While the author’s 
approach to the problem of determining the amount of recovery is straight- 
forward it appears that he may have made an error in assuming that the 
amount of elastic recovery that would take place in steel is the same as would 
occur in glass. Would not the amount of recovery depend upon the elastic 
modulus of the material ? 
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Written Discussion: By Constance B. Brodie and R. Smoluchowski, 
Research Laboratory, General Electric Co., Schenectady, N. Y. 

The author is to be congratulated for his interesting contribution to the 
better understanding of the determination of hardness with these testers. 

We are particularly interested in Mr. Tate’s results which show an increase 
in hardness when using decreasing loads. We have obtained the same relation 
between load and hardness numbers on a similar Rockwell test block but have 
found the relation does not hold for all metals. This is shown in Table A. 


Table A 
Knoop Hardness Numbers for Various Loads* 

Load in Grams 25 50 100 200 500 1000 
Steel Rockwell Test Block 1350 1140 1083 970 855 795 
0.40C Steel 810 975 846 740 756 706 
0.80 C Steel 570 550 665 600 580 547 
Tungsten 495 463 393 340 318 300 
Steel Rockwell Test Block 333 344 310 298 305 295 
Brass Rockwell Test Block 183 191 188 182 185 164 
Copper 58 55 58 52 50 59 
Aluminum 19 19 22 18 17 


_*The Tukon tester used for the above determinations is equipped with the solenoid 
device to eliminate errors encounterd at the lower loads. 





It is evident from the above table that the Rockwell C-68 test block and 
the tungsten sample show a marked increase in hardness values with decreasing 
load, whereas the Rockwell C-23 test block and 0.40 carbon steel show less. 
The difference in values is negligible for the other metals listed. It follows 
that when interpreting Knoop hardness numbers not only the load but also 
the type of metal tested should be considered as the deviations at low loads are 
not the same for all materials. This increase in hardness value when the lighter 
loads are used cannot be accounted for by work hardening of the surface during 
polishing, since the hardness numbers of electrolytically polished surfaces are 
the same as those of a surface covered with a layer of disturbed metal due to 
poor polishing technique. 

In connection with the very interesting results of Mr. Tate’s investigations 
of the recovery of the Knoop indentation in glass, we would like to mention 
briefly our recent study of recovery of metal during microhardness testing. 

The problem is to determine the size of the indentation in metal before and 
after the diamond is removed. After trying out various methods, the following 
procedure turned out to give satisfactory results: First the diamond is covered 
with a thin layer of graphite suspended in water and the indentation obtained 
in the usual manner in the Tukon microhardness tester. The diamond is re- 
moved from the tester and observed under the microscope with micrometer 
eyepiece. The diamond point appears now clean and shiny with the graphite 
pushed away during test. The edge of the graphite layer is sharp and the 
long diagonal of the rhomb can be accurately measured. Subsequently, . the 
indentation itself is measured. The difference between the diagonals measured 
on the diamond itself and on the metal indicates the recovery of the metal. 
Important factors in the method here described are the best thickness of the 
graphite layer and a proper illumination. 
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The results of our study will be described more extensively in a forth- 
coming paper. Here it may be pointed out that recovery has been observed 
for metals as different as copper and tungsten, the magnitude of the recovery 
is of the order-of several microns, similar to Mr. Tate’s results, and it seems 
to be dependent upon the load. Further measurements are in progress. 

Written Discussion: By J. M. Berry and G. M. Foley, Battelle Memorial 
Institute,’ Columbus, Ohio. 

Mr. Tate’s measurement of the elastic recovery of a Knoop hardness 
impression in glass is a very interesting and useful piece of work. It demon- 
strates clearly the care which should be used when making the theoretical 
generalizations which led most of us to believe the Knoop impression to be 
particularly free from elastic recovery in the long direction. 

The paper shows that elastic recovery may be expected in any Knoop 
impression. It is not reasonable, however, to expect that this recovery will be 
equal in glass and in metals. There are good reasons for believing that the 
elastic recovery in glass will be greater than in steel on account of the high 
short-time elastic limit and the low modulus of elasticity of glass. 

If Mr. Tate’s correction for the elastic recovery of the impression in steel 
is too large, then there may be evidence in the results of Knoop hardness tests 
tending to show the existence of a surface layer hardened by cold working 
during preparation of the metal specimen. 


Author’s Reply 


The author wishes to express his thanks to those who have contributed to 
this paper by their discussions. 

In reply to Messrs. Berry and Foley and also to Mr, Rice and Mr. White, 
it is quite true that one would expect the amount of elastic recovery to be 
affected by a difference in the modulus of elasticity and by the time-flow char- 
acteristics of the material. In addition, the cold working properties and the 
elastic range of the material may have considerable influence. For these rea- 
sons and also because of the relatively large observational errors encountered 
in measuring the elastic recovery, the value of five microns can be considered 
only an approximation. This is one reason why it is recommended in the text 
that data obtained with Knoop indenters be used without correction for the 
elastic recovery effect. 

In reply to Mr. Nagler, the loads applied to the Knoop indenter in the 
experiment to determine elastic recovery in the glass block varied from 150 to 
250 grams. In regard to Mr. Nagler’s comment on the lack of agreement be- 
tween Knoop and Vickers numbers, there seems to be very little reason to ex- 
pect them to be the same for all materials Probably the tests do not measure 
identically the same physical properties. 

Mrs. Brodie and Mr. Smoluchowski are to be congratulated on a very in- 
genious approach to the elastic recovery measurement. 

The author has tested some electrolytically polished specimens sent by Mr. 
R. H. Heyer of American Rolling Mill Company. One sample of S.A.E. 4330 
steel heat treated to about 475 Brinell showed the characteristic increase in 
Knoop number at low loads. The other samples were quite soft material and 
showed, as predicted, only a slight increase in Knoop number at low loads. 
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SHOT FOR METAL PEENING 


By Oscar E. Harper AND JAMEs T. Gow 


Abstract 


The materials which are known to have been used in 
metal peening include chilled iron shot, of the type used 
in metal cleaning, malleableized chilled iron, and a special 
heat treated shot. Generally, chilled iron is too brittle and 
completely malleableized iron is too soft. The heat treated 
shot ts subjected to heating to decompose the massive car- 
bides and cooled so as to produce different hardnesses in 
the range of 200 to over 500 Brinell equivalent, or may be 
quenched to a martensitic structure and then tempered to 
a desired hardness. 

Typical chemical compositions and hardness values 
are given, and photomicrographs illustrative of the various 
materials are included. 

The heat treated shot has improved resistance to 
fracturing in service and can be produced in hardness 
ranges suitable for the majority of metal peening applica- 
tions but may find limitations with materials of high hard- 
ness such as about 50 to 55 Rockwell C and above, be- 
cause as the hardness of the shot is increased into this 
range there is a loss in toughness. Steel shot is not known 
to be available and burnishing balls and ball bearings are 
costly. 


HE increase in interest in improving the fatigue endurance of 

metals and alloys by shot peening has served to focus attention 
on the shot used. Interest in the shot is principally along the lines 
of what material has been used, what materials are now available, 
and also what materials could be made available: first, at a reason- 
able cost, and second, at an increased cost but yet at a price commen- 
surate with the benefits to be obtained by metal peening. 

The shot which has been most readily available in quantity and 
at moderate cost has been a chilled iron, although the product is fre- 
quently referred to in the commercial trade as steel shot. It is not 
of the typical analysis used in the production of white iron castings 





A paper presented before the Twenty-sixth Annual Convention of the So- 
ciety held in Cleveland, October 16 to 20, 1944. Of the authors, Oscar E. 
Harder is assistant director and James T. Gow is assistant supervisor, Battelle 
Memorial Institute, Columbus, Ohio. Manuscript received June 1, 1944. 
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for use as such or in the production of white iron castings which 
are to be malleableized. The analysis is more nearly what is known 
in industry as gray iron, but because of the rapid cooling in a shot- 
ting process, the product has a white iron structure in spite of the 
fact that: the composition is such that in sand or chilled castings the 
structure would be gray, or at least mottled. Shot which we have 
examined show an entirely white iron structure with cementite and 
austenite or martensite as the constituents. The microstructure typi- 
cal of chilled iron shot is shown in Fig. 1, which is at a magnification 
of &* 2500. The white areas are cementite, while the dark areas are 
austenite-martensite. All specimens were etched in 4 per cent nital. 

The composition of chilled iron shot is usually in the following 
range: carbon 3.20 to 3.60 per cent, manganese about 0.30 to 0.50 
per cent, silicon about 1.40 to 2.2 per cent, phosphorus about 0.30 to 
0.60 per cent, and sulphur about 0.07 to 0.17 per cent. The composi- 
tion is a function of the stock used in the charge to the cupola and 
the temperature and rate of melting. When the charge is made up 
of more or less miscellaneous cast iron scrap, that is reflected in the 
analysis, and the same is true as the amount of steel or pig iron of 
different types is varied in the charge. In addition to the above- 
mentioned composition, shot will frequently carry small amounts of 
the alloying metals which are used in cast iron, and these may include 
copper, nickel, chromium, molybdenum, and vanadium. As a rule, 
however, the amount of these metals in the shot will rarely exceed 
a total of 0.10 to 0.20 per cent, with the amounts of the individual 
metals decreasing to a trace in the order mentioned above. 

There has been definite use of copper added to the charge, most 
frequently in the amount of about 0.25 to 1 per cent, and numerous 
tests have shown that copper improved somewhat the resistance of 
shot to fracturing in repeated hammer tests.* Certain patent litera- 
ture has disclosed and claimed the use of combinations of the metals, 
chromium, nickel, molybdenum, and vanadium, with the metals being 
used in combinations of 2, 3, and 4 of these metals. No information 
is available to the writers as to the extent to which shot conforming 
to these patents has been produced or as to the beneficial effects re- 
sulting from such intentional alloy additions. 

Grit which is used in metal cleaning is made mostly from the 
chilled iron product by crushing. There is, however, on the market 
a grit which is made from high-carbon steel plate, which, according 
-1U, S. Patent 2,218,107—October 15, 1940. 
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Fig. 1—Microstructure of Chilled Iron Shot. XX 2500. Etched in 4 Per Cent 


Fig. 2—Microstructure of Completely Malleableized Chilled Iron Shot. Xx 1000. 
Etched in 4 Per Cent Nital. 

Fig. 3—Microstructure of Partially Malleableized Chilled Iron Shot Showing 
Cementite, Ferrite, and Temper Carbon. X 1000. Etched in 4 Per Cent Nital. 

Fig. 4—Microstructure of Malleableized and Quench Chilled Iron Shet Showing 
Martensite and Temper Carbon. X 1000. Etched in 4 Per Cent Nital. 





to a patent disclosure, is heated to a high temperature, quenched, and 
then crushed to grit. This, however, represents a relatively small 
tonnage of the total amount of grit produced, and grit is not con- 
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sidered usable for metal peening, since it scratches rather than peens. 

The chilled iron shot as normally produced for use in metal 
cleaning has a hardness of around 800 Vickers and may run as high 
as about 900. This hardness is well in excess of the hardness of 
metal parts which it is desired to improve by peening. However, 
this chilled iron shot is far from being satisfactory for metal peening 
because of its brittleness and its tendency to fracture or explode, as 
it is termed in the trade, when impacted against a hard surface. 
Fractured shot are quite effective for metal cleaning, providing the 
particles do not become too small in size, but these shot fragments 
with sharp corners tend to cut the metal and would, therefore, not 
serve the purpose intended in metal peening. The harmful effects 
from fractured shot would be reduced somewhat if the system were 
equipped to remove the fractured particles, but this has not always 
been done. In spite of the objections mentioned above, this material 
has been used in most of the work in shot peening. However, two 
other materials have been used to some extent. 

One of these materials is a completely, or almost completely, 
malleableized shot of the usual analysis, while the other is treated by 
a process which controls the degree of malleabilization and subjects 
the shot to a quenching operation and may further subject it to a 
tempering operation to develop a desired hardness. The malleableized 
shot, if the process is carried to completion, will be quite low in 
hardness, with values corresponding roughly from 150 to 200 Bri- 
nell. Obviously, shot of such hardness are quite limited in applica- 
tion for metal peening because most of the steels to be peened will 
have a hardness in excess of 200 Brinell, and it is, therefore, evident 
that relatively little, if any, improvement could be effected by im- 
pacting with shot of lower hardness. Furthermore, the shot of so 
low a hardness is deformed in service and no longer is so round as 
seems desirable for peening. 

The second product? mentioned above is made by subjecting 
shot to heating at temperatures in the range of about 1350 to 1600 
degrees Fahr. for a time sufficient to bring about the desired degree 
of decomposition of the massive cementite in the original chilled iron 
and then cooling at a rate to produce the desired hardness. The rate 
of decomposition of the cementite increases with increase in treating 
temperature and, for the usual analysis, is quite rapid (1% to 1 hour) 
at 1600 degrees Fahr. (870 degrees Cent.) and can be effected at 


2U. S. Patent 2,184,926—December 26, 1939. 
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Fig. 5—Microstructure of Malleableized Chilled Iron Cooled to Form Ferrite and 
Pearlite. >< 500. Etched in 4 Per Cent Nital. 

Fig. 6—Microstructure of Partially Malleableized Chilled Iron Showing Residual 
Carbides, Martensite (Troostite?), and Temper Carbon. x 1000. Etched in 4 Per 
Cent Nital. 

Fig. 7—Microstructure of Quenched and Tempered Chilled Iron Shot. > 500. 
Etched in 4 Per Cent Nital. 


1350 degrees Fahr. (730 degrees Cent.) in 3 to 4 hours. 
. The structure produced is one of temper carbon distributed in 
. the matrix, and the character of the matrix is a function of the tem- 
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perature from which it is cooled and the rate of cooling. It may be 
largely martensite or it may be entirely pearlitic, and if the cooling 
is arrested at the proper temperature for completion of the malle- 
ableizing operation, the structure may be largely ferrite and temper 
carbon. ‘ With a drastic quench, hardnesses of the order of 500 to 
600 Brinell equivalent are produced, and then the hardness can be 
reduced to desired lower values by well-known tempering treatments. 
Thus, this method of treatment is capable of producing shot with 
hardness easily within the range of 200 to 500 Brinell equivalent with 
the structure principally that of steel but with temper carbon dis- 
tributed through it. 

Typical microstructures of shot of originally chilled iron, but 
after various heat treatments, are shown in Figs. 2 to 7. Fig. 2 shows 
the microstructure of the completely malleableized product in which 
the structure is temper carbon in a matrix of ferrite. 

Fig. 3 shows a specimen in which the malleableizing process was 
not completed, and, as a result, the structure consists of cementite, 
ferrite, and temper carbon.. This specimen was slowly cooled. 

Fig. 4 represents a specimen in which the massive carbides were 
completely removed in the heat treating process, but there remained 
enough carbon in solution to produce a martensitic structure on 
quenching. Thus, the structure is martensite and;temper carbon and 
the hardness at least 500 Brinell equivalent. 

Fig. 5 shows the microstructure of a specimen which was heated 
to decompose the carbides and cooled rather slowly so that there was 
some separation of ferrite before the eutectoid temperature was 
reached and pearlite was formed. 

Fig. 6 shows a typical microstructure of a product which has 
not been heated long enough for complete malleabilization, but the 
massive carbides are broken up so as to materially increase the 
toughness. This represents a relatively hard shot. 

Fig. 7 shows a microstructure which is rather typical of one 
form of process in which the shot is quenched to a temperature of 
the order of 400 to 500 degrees Fahr. (205 to 260 degrees Cent.) 
and then permitted to cool slowly so that a quenched and tempered 
structure is obtained. 

The toughness of the shot described above is greatly superior to 
that of the ordinary chilled white iron of commerce but is probably 
somewhat inferior to steel, although that relation has not been deter- 
mined by the authors. As would be expected, the toughness of the 
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shot decreases somewhat over the higher hardness range, but this 
trend is not noticeable up to a hardness of around 400 Brinell equiva- 
lent, and it is possible to deform the shot substantially by hand 
hammering up to 450 Brinell equivalent, without fracturing. 

It is indicated by those working on shot peening that shot in 
the whole size range from about 0.01 to 0.10 inch in diameter may 
be required, but the principal demand will probably be in the range 
of 0.015 to 0.030 inch. It is possible to produce all of these sizes 
in the shotting process, but it may be difficult to produce the desired 
amounts of some of the sizes, particularly if there should be a large 
demand for shot in the diameter range of 0.015 to 0.020, or 0.030 
to 0.040, for example. An excessive demand for particular sizes 
would mean that the shot would have to be screened before the heat 
treatment and the sizes not in demand for metal peening diverted to 
other applications. The nature of the shot peening process makes it 
desirable to have the shot of uniform diameter within close toler- 
ances and supplied to a specified diameter. This has not always been 
done but is possible by suitable screening processes. 

This heat treated malleableized shot does not meet all of the 
specifications being mentioned by users of shot because when_ the 
shot is made to have a hardness in excess of some of the parts to 
be treated, it becomes somewhat brittle and will undoubtedly produce 
some fracturing in service. However, these specifications will prob- 
ably not be entirely met should they go to a steel shot which would 
be much more expensive. 

So far as is known to the authors, steel shot is not now being 
produced by a shotting process comparable to that used in the pro- 
duction of chilled iron shot. However, at one time a plant was 
melting high-carbon steel in an electric furnace and shotting it to 
produce steel shot for use in the granite industry. That plant is 
thought to have been out of use for the past several years, and the 
company has returned to the use of chilled iron shot. It seems pos- 
sible to produce steel shot, but the cost would undoubtedly be much 
higher than that for white iron because of the higher temperature 
required to produce steel of sufficient fluidity for shotting. . Steel 
shot of the type used as burnishing balls and ball bearings might 
be considered, but it is thought that the cost would be prohibitive. 
Definite quotations on such shot are not available, but one estimate 
on the price of burnishing balls in the size of 7g to 3%; inch diameter 
indicated prices of the order of fifty to seventy-five cents per pound, 
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i.e., $1000.00 to $1500.00 per ton.* Doubtless the price could be 
reduced on large quantity production, but it would still seem to be 
prohibitive for most shot peening applications. Finally, even steel 
shot or balls naturally show a loss in resistance to fracture as the 
hardness is increased. 

Battelle Memorial Institute has been engaged during the past 
several years in a research on the improvement of shot for the Pitts- 
burgh Crushed Steel Company and its subsidiaries, the Globe Steel 
Abrasive Company, the American Steel Abrasives Company, and 
the Steel Shot and Grit Company, Inc. The Globe Steel Abrasive 
Company has been producing the heat treated shot described above 
for the past 3 or 4 years, and it is understood that plans are under 
way to materially increase the capacity to produce this type of shot. 
The authors are glad to acknowledge their indebtedness to the Pitts- 
burgh Crushed Steel Company and its subsidiaries and to Battelle 
Memorial Institute for the privilege of publishing this paper. 


DISCUSSION 


Written Discussion: By J. H. Frye, Colonel, Ordnance Department, War 
Department, Washington, D. C. 


The authors have selected a timely subject and approached the problem 
in a realistic manner. 

They have capably dealt with the shotting method as applied to extremely 
fluid cast iron and the benefits of heat treating the chilled shot. But no small 
part of the value of their paper lies in its thought-provoking aspects. 

Shot peening is most beneficial on extremely hard materials, largely be- 
cause there is not much else to be done in such instances, but less spectacular 
improvement can be obtained with reasonably low hardness values. There 
would seem to be a difference in shot requirements for peening materials rang- 
ing from 180 to 600 Brinell. Comparative data on the life of shot made from 
chilled iron, chilled iron heat treated, and hardened steel shot over this range 
in hardness would be interesting. Of greater value would be data on the 
variations of the peening effectiveness of the 3 types of shot over this hardness 
range, both with and without elimination of broken shot. 

I would also like to raise this question. Assuming efficient continuous 
separation of fractured shot, is a reasonable number of fractures important in 
the result, exclusive of the economics of shot life? 

The authors’ comment on the availability and price of hardened steel shot 
is applicable as of today. But if later developments show an economic need 
for a ball bearing type of shot in quantities the American Industry will produce 


8The current price for chilled iron shot in carload lots is about $63.00 per ton, while 
the heat treated shot is about fifty per cent higher. 





element - 
Nee ope ent ’ nee 





398 TRANSACTIONS OF THE A. S. M. Vol. 35 


them. Cost per pound is frequently a poor criterion of value, as demonstrated 
by the fact that tungsten carbide cutting tools sell for $30,000 per ton, as com- 
pared with high speed steel cutting tools at $1200 per ton. 

Written Discussion: By Maurice Olley, British Army Staff, A.F.V. 
Branch, Detroit. 

I understand that malleable shot have been useful for some applications, 
notably the peening of track pins, in which they reduced the wastage of shot 
due to fracture to less than half. It appears, therefore, that for certain applica- 
tions on parts of low hardness, malleable shot might be worth considering. 

It is evident, however, that they do not meet the conditions required for 
shot peening in its principal applications. The chief aim of shot peening con- 
cerns the harder materials. In fact, one aim of peening is to use harder 
materials than are at present advisable, while obviating, by the peening process, 
the brittle fatigue fractures which would normally be liable to occur. 

Every shot is a hammer head. Hammer heads in cast or malleable iron 
are unsuccessful; they are not sold by the better hardware stores. When we 
fully realize the aim and object of the peening process, we shall not attempt 
to use for peening anything less permanent than we should use for a peening 
hammer. The first cost will be immaterial, provided the shot does not 
fracture. 

Written Discussion: By W. L. R. Steele, chief engineer, Coil Spring 
Division, Eaton Manufacturing Co., Detroit. 

In the last paragraph of page 395, the authors call attention to the lack of 
existing data on the relation between white iron shot and steel shot toughness. 
We have some data on this relation. 

When the part to be peened has a hardness in the range of Rockwell C 
40 to 50 and requires that large shot (1s to #% inch diameter) be thrown from 
a 19-inch wheel at or near 2250 revolutions per minute, the breakdown of the 
commercial white cast iron shot is rapid and severe. For such peening work 
we have produced a small quantity of shot made from S.A.E. 1065 wire, the 
balls being 0.070 inch in diameter, oil-quenched and drawn to a 49-51 Rockwell 
hardness. 

We have devised and run an impact breakdown test to compare the steel 
ball and the water-quenched cast iron ball. The test was run in a standard 
commercial 19-inch wheel cabinet but without screw, elevator or dust collector 
connections to avoid loss of sample. The wheel hopper was filled from a bin 
containing a 50-pound sample. When 2200 revolutions per minute wheel speed 
was obtained, the sample was released into the wheel which threw the shot 
vertically downward onto a platform of S.A.E. 9262 having a 444 Brinell 
hardness number and thence into a hopper below the platform. The shot 
sample was then removed from the lower hopper and carried to the upper 
wheel hopper bin and this cycle was repeated until breakdown to an arbitrary 
screen analysis was obtained. The results of this cycling on the cast iron and 
on the steel were as shown in the table on the next page. 

From these data it appears that the 1065 steel balls when thrown onto 
444 Brinell hardness steel parts would give a life of 25 to 30 times that of the 
water-quenched cast iron in production machines. This particular analysis of 
carbon steel was not selected because we expected the optimum in life from it 
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a a 


Original Samples 


White Cast Steel Steel © ‘ 
Retained on this White Cast S.A.E, 1065 Iron after ' 
screen (openings) Tron Steel 10 Cycles 250 Cycles 300 Cycles 
0.0787 Inch 0.5 Per Cent 0 0 0 0 
0.066 Inch 97.6 Per Cent 100 Per Cent 64.5 73 47.2 
Small screens total 1.9 35.5 an 52.8 





but because it was readily available. The possibilities of greatly increasing 
this life ratio by using balls made from alloys more suitable for repeated 
impact loading are being investigated. 

Written Discussion: By R. J. Thomas, metallurgist, Plant No. 1, 
Jacobs Aircraft Engine Company, Pottstown, Pa. 

Professor Harder and Mr. Gow are to be commended for presenting 
data on shot for metal peening. Information pertaining to the structures and 
hardness has been very meager. The writer investigated the structure of shot 
a few years ago when it was being used as a material for rock drilling in con- 
nection with core drilling. The desirable characteristic of the shot at that 
time was the fact that it was brittle and would fracture easily, giving sharp 
cutting edges. Shot which was found to be unsatisfactory had a structure 
consisting of pearlite and areas of temper carbon where the massive cementite 
had broken down. The satisfactory shot had a fine dendritic structure of 
martensite and carbide. The use of this type shot for peening results in con- 
siderable fracturing of the shot with resulting high replacement charges. 

It is desirable, in addition to knowing the structural composition and hard- 
ness of shot, to know the percentage of satisfactory spheres present. For this 
purpose a macrophotograph of a small quantity representative of the shipment 
will reveal the general condition. 

Fig. A shows a macrophotograph at X 20 of the shot from a sample kit 
used by a shot vendor. This was listed as No. 30 shot. 

Fig. B shows the condition of shot taken from a 100-pound bag received 
for use as peening shot. 

The condition of this shot indicates that it should be screened prior to Lise 
for peening. This operation would result in less than 50 per cent recovery~of 
suitable shot. — 

Fig. C shows the above shot after approximately 50 hours’ use. No new 
shot had been added. The Almen arc height, however, was still within the 
limits set. A regulated system of new shot additiofis was arranged. 

The above photographs show the need for control of not only the structure 
and hardness, but also the percentage of usable shot obtained from any given 
shipment. 


Oral Discussion ~-. i 


ES ‘ : 
R. E. Cramer:* I just want to call attention to the beautiful photomicro- 
graphs that are in this paper. And if either one of the authors at the end of 


‘Special research associate professor of engineering materials, University of Illinois, 
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Fig. A—Condition of No. 30 Shot from Sample Kit. x 20. 
Fig. B—Condition of Shot from 100-Pound Bag. x 20. 
Fig. C—Conditioa of Shot After Approximately 50 Hours. X 20. 
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the discussion would give us a little indication as to their method of polishing 
and etching, and more about the magnification, I think some of us could profit 
by that. Also, I wish the metallurgical schools could turn out metallurgists 
who could take pictures like that. I cannot do it. I cannot even hire a man who 
can do it. 


Authors’ Reply 


We appreciate the valuable contributions made by the discussers of our 
paper. 

Complete answers to the important questions by Colonel Frye are not avail- 
able now. Mr. Steele has reported comparative fracture data for chilled iron 
and steel shot of relatively large size, 0.070-inch diameter. It is to be expected 
that shot of smaller diameter, say, 0.010 to 0.020 inch, would show the chilled 
iron shot in somewhat less unfavorable ratio. Mr. Olley has reported the 
breakdown of heat treated iron shot as less than half of that of chilled iron in 
a particular application. Mr. Thomas has reported that chilled iron shot after 
50 hours, with no new shot added, still met the Almen arc height test. While 
the breakdown of chilled iron is excessive, this is not necessarily so expensive 
because fractured shot are readily usable for metal cleaning, and most plants 
which are doing metal peening are also doing metal cleaning. 

In reply to Mr. Olley, it is suggested that heat treated iron shot do not 
appear to be limited to “low hardness” parts, but are or can be made to apply 
up to hardnesses of 400 to 500 Brinell. However, again it is anticipated that 
steel shot will be superior in performance but much more expensive, particular- 
ly in the smaller sizes. 

Mr. Steele has contributed valuable information in his discussion. Since 
his comparison was made between “white cast-iron” shot and “quenched and 
drawn” steel shot, it seems that the heat treated iron should show up more 
favorably than the white iron, and such data would be of interest. It will be 
evident that the production of steel balls in the range of Ys to *& inch diameter 
(0.0625 to 0.09375 inch) is an easier job than the production of the smaller 
diameters, such as 0.010 to 0.020 inch, which are required for many of the shot 
peening applications. The results of Mr. Steele’s researches, which are in 
progress, should be of great interest. 

The discussion of Mr. Thomas is highly interesting. He has mentioned 
two uses of chilled iron shot in which the desired behaviors of the shot are in 
marked contrast. He has shown that manufacturers of chilled iron shot have 
not been doing an adequate job in screening chilled iron shot for use in metal 
peening, and it is understood that more attention is being given to sizing shot, 
at least by some manufacturers. 

Professor Cramer’s complimentary oral remarks are appreciated. The 
paper gives the etching reagent used in preparing the microstructures. 





SEGREGATION OF MOLYBDENUM IN PHOSPHORUS- 
BEARING ALLOYED GRAY CAST IRON 


By F. B. Rote anp W. P. Woop 


Abstract 


Phosphorus is shown to be soluble in the particular 
irons studied to the extent of about 0.12 per cent. Any 
additional phosphorus occurs in a complex eutectic which, 
if molybdenum is also present in the iron, contains 1.3 
units of molybdenum for each unit of phosphorus. The 
characteristic high strength acicular microstructure is 
changed to a pearlitic structure as the phosphorus is in- 
creased sufficiently above the solubility limit. Attempts 
to control the structure of high phosphorus trons by com- 
pensatory molybdenum additions are only partially suc- 
cessful, due to a pearlitic envelope surrounding the phos- 
phide eutectic. 

The segregation of molybdenum takes place on cool- 
ing from the iron-iron carbide eutectic to the iron-iron 
phosphide eutectic. A reversal of the reaction does not 
occur on reheating to the tron-iron carbide eutectic tem- 
perature. 


INTRODUCTION 


ECAUSE of the usual intricacy or great bulk of gray iron cast- 

ings, it is generally not advisable to heat treat them by the 
conventional quench and draw to obtain certain desirable high 
strength microstructures. Consequently, modern foundry practice 
now calls for the introduction of alloying elements to secure mechani- 
cal properties greater than those obtainable in ordinary low carbon, 
unalloyed irons. 

The structure of the highest test irons is acicular, of a type 
intermediate between pearlite and martensite. This structure is se- 





This paper is based on a thesis submitted by F. B. Rote in partial fulfillment of — 
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cured primarily by the addition of molybdenum, which forms a 
“bay” in the S-curve of gray iron as described by Flinn and co- 
workers’”, although it is the usual practice to supplement the molyb- 
denum alloy with nickel, copper, or manganese. One widely used 
combination is nickel and molybdenum in balanced proportions to 
obtain a favorable graphite structure and an acicular matrix. 

In previous research work by the writers it was found that a 
number of castings made under ordinary foundry conditions were 
pearlitic, although they were alloyed to an extent which should ren- 
der them acicular on the basis of the available information. Natu- 
rally, the mechanical properties were lower than anticipated, and the 
castings were unable to meet the high strength specifications. A 
scrutiny of the entire chemistry of the castings indicated that in only 
one significant particular did they vary from the irons for which 
considerable data were available, and that was in the higher phos- 
phorus content. A survey of the literature showed then that no 
recognition had been given in the previous investigations of irons 
of the acicular type to the possible effects of the phosphorus on the 
structure or properties. 

An investigation was, therefore, conducted to determine the in- 
fluence of phosphorus on the solidification and austenite transforma- 
tion characteristics of gray cast iron, both plain; and alloyed with 
nickel and molybdenum. The results of one phase of this investiga- 
tion are reported in the present paper. 


EXPERIMENTAL PROCEDURE 


The base analysis of the irons made for this investigation was: 


Per Cent 
Total carbon 2.65 
Silicon 2.25 
Manganese 1.20 


Sulphur 0.03 
Phosphorus 0.016 to 1.83 
Some of the heats were poured without additions, while others 
were alloyed with 1.75 per cent nickel and 0.75 per cent molyb- 
denum. 
The iron was made in 30-pound melts in an Ajax induction fur- 
nace from charges consisting of wash metal, low carbon steel punch- 





IR. A. Flinn and D. J. Reese, Transactions, American Foundrymen’s Association, pre- 
print No. 4, 1941. 


2R. A. Flinn, Morris Cohen and John Chipman, “The Acicular Structure in Nickel- 
ata aes Cast Irons,” TrRANsSacTIOoNsS, American Society for Metals, Vol. 30, 
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ings, ferro-alloys, nickel, and coke. All melts were heated to 2750 
degrees Fahr. (1510 degrees Cent.) and poured at 2650 degrees 
Fahr. (1455 degrees Cent.), as indicated by an optical pyrometer. 

Phosphorus was added to the irons in the form of ferrophos- 
phorus containing 24 per cent phosphorus, and the furnace charges 
were adjusted to compensate for changes in the quantity of alloy 
charged for low or high phosphorus contents by changes in the 
quantity of steel punchings charged. A typical charge for an alloyed 
melt was as follows: 


Heat No. 5 (0.58 Per Cent P) 


Grams 

Wash metal 8,100 
Steel punchings 4,225 
Nickel 240 
Ferro-60-molybdenum 175 
Ferro-85-silicon 295 
Ferro-24-phosphorus 375 
Petroleum coke 130 
Total 13,540 


All alloys were charged with the steel and part of the wash 
metal at the beginning of each heat to reduce the chance of inocula- 
tion of the melt by ferrosilicon. 

The chemical compositions of the melts are shown in Table I. 

A number of different castings were made from each heat; 
however, for the purposes of the present paper only one will be 
considered, a solid cylinder 3 inches in diameter by 4.5 inches in 


Table ! 
Chemical Compositions of Unalloyed and Nickel-Molybdenum Alloyed Gray Irons 


a 


Heat 


No. TC. C.c. Si Mn Ni Mo S P 
1 2.61 0.59 2.24 1.19 1.79 0.77 0.030 0.016 
il 2.59 0.61 2.29 1.20* 1.75* 0.75* 0.03* 0.14 
8 2.64 0.63 2.29 1.20* 1.75* 0.75* 0.034 0.34 
12 2.63 0.67 2.21 1.20* 1.75* 0.75* 0.03* 0.45 
5 2.66 0.63 2.23 1.20* 1.75* 0.75* 0.03* 0.58 
14 2.64 0.65 2.26 1.22 1.77 0.76 0.029 0.77 
7 2.61 0.67 2.31 1.20* 1.75* 0.75* 0.03* 0.95 
2 2.64 0.66 2.22 1.20* 1.75* 0.75* 0.03* 1.25 
10 2.63 0.69 2.25 1.20* 1.75* 0.75* 0.03* 1,83 
31 2.65* 2.25* 1.22 0.032 0.018 
32 2.66 2.21 1.20* 0.03* 0.37 
33 2.65* sees 2.25* 1.20* 0.03* 0.93 
34 2.68 eevee 2.25* 1.20* 0.03* 1.80* 


Late Addition—None 


* Calculated analysis 
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length. This casting was made in an open top core mold, and was 
poured directly from the induction furnace. 

After the casting was poured and skimmed, a calibrated plati- 
num thermocouple sheathed in a thin wall quartz tube and centered 
by means of a transite disk was inserted to the geometric center of 
the molten iron. As soon as the thermocouple reached the metal 
temperature, the first temperature reading was made on a Leeds and 
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Fig. 1—Cocling Curves for 3-Inch Castings of Heats Nos. 1 and 7 (Base Analysis 
—2.65 Total Carbon, 2.25 Silicon, 1.75 Nickel, 0.75 Molybdenum). 


Northrup portable precision potentiometer. The temperature at this 
time was usually about 2450 degrees Fahr. (1345 degrees Cent.). 
Thereafter, readings were taken each 10 seconds until the castings 
had cooled to below the pearlite transformation temperature in those 
irons which underwent a pearlite transformation, and to 400 degrees 
Fahr. (205 degrees Cent.) in the acicular irons. 


CooLinGc CurRVE DATA 


Cooling curves were obtained for all the castings, but for 
demonstration, only those for alloyed heats numbers 1 and 7 with 
0.016 and 0.95 per cent phosphorus, respectively, will be discussed. 
These are shown in Fig. 1. 

Heat 1 began to solidify at 2306 degrees Fahr. (1265 degrees 
Cent.), as indicated by the first “halt” in the cooling curve, then 
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cooled at a fairly constant rate to the eutectic temperature of 2090 
degrees Fahr. (1145 degrees Cent.) and completed its solidification. 
No further allotropic transformation was observed, however, upon 
further cooling of the casting. 

Heat 7 with 0.95 per cent phosphorus reached the liquidus at 
2211 degrees Fahr. (1210 degrees Cent.), then cooled with the con- 
tinued solidification of austenite to the eutectic at 2004 degrees Fahr. 
(1095 degrees Cent.). The phosphide solidification was marked 
by a decrease in the rate of cooling at an average temperature of 
1692 degrees Fahr. (920 degrees Cent.). This casting, in contrast 
to the lower phosphorus one, underwent a pearlite transformation at 
1245 to 1292 degrees Fahr. (675 to 700 degrees Cent.). 

Solidification data taken from the curves are tabulated in Table 
II and shown graphically in Figs. 2, 3, and 4. 

The time for the liquidus and eutectic solidifications reported 
in Table II was taken as the total elapsed from the time the cool- 
ing curve deviated from the smooth path followed before the sclidi- 
fication began until a smooth path was resumed upon completion of 
the solidification. In the case of the phosphide solidification, how- 
ever, the tabulated “time” is the “offset” in the cooling curve result- 
ing from the phosphide solidification. This was obtained by extend- 
ing the smooth portions of the curves above and below the phos- 
phide solidification range and measuring the time interval repre- 
sented by the distance between the curves at the average solidification 
temperature. 











Table Il 
Solidification Temperatures in Centers of 3-Inch Diameter Castings 
Liquidus——- -——Eutectic Temperature, °F. —Phosphide—— 
Heat Per Cent Temp. Time Time Temp. Time (2) 
No. P °F Secs. Min. Max. Ave. Sec. °F. Sec. 
1 0.016 2306 70 2086 2090 2088 210 ones None 
11 0.14 2285 50 2067 2070 2069 200 eli a None 
s 0.34 2280 60 2055 2058 2056 230 1652 35 
12 0.45 2261 80 2040 2045 2043 200 1669 57 
5 0.58 2231 60 2032 2036 2034 230 1667 
14 0.77 2226 70 2021 2022 2022 210 1673 100 
7 0.95 2211 80 2000 2004 2002 220 1692 160 
2 1.25 2170 70 1985 1990 1986 230 1712 180 
10 1.83 70 1992 1995 1993 210 1727 280 
3101) 0.018 2350 60 2055 2062 2058 100 odes None 
32 0.37 2306 50 2012 2017 2015 130 1727 18 
' 33 0.93 2252 50 1982 1982 1982 140 1735 57 
34 1.80* 2155 60 1968 1972 1970 140 1753 121 
Calculated Analysis 


(1) Heats 31 to 34 were unalloyed, all others contained nominally 1.75 per cent nickel and 0.75 
per cent molybdenum. 


(2) Offset in cooling curve. 
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Since in the lower phosphorus irons the rate of phosphide eu- 
tectic solidification was very slow, while in the higher phosphorus 
irons it was considerably more rapid, depending on the phosphorus 
content, the total time elapsed during the solidification was about the 
same for all phosphorus levels. It was necessary, therefore, to utilize 
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Fig. 2—Influence of Phosphorus on the Solidifi- 
cation Temperatures in 2.65 Total Carbon, 2.25 Sili- 
con Base Gray Irons. 


the “offset” procedure to obtain a measure of the effect of phos- 
phorus content on the cooling of the casting. 

As shown in Fig. 2, as the phosphorus content of either type 
iron was increased, the liquidus and eutectic temperatures were 
lowered. Phosphorus affected both the alloyed and unalloyed irons 
similarly, since the curves of solidification temperature versus phos- 
phorus contents are essentially parallel. This effect of phosphorus 
on the solidification temperatures of iron-carbon alloys is well known, 
and has been disclosed by a number of investigators in the past. Use 
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will be made, however, of the comparative data for the two types of 
iron in a later discussion. 

Fig. 3 shows the influence of phosphorus on the solidification 
temperatures of the phosphide eutectic in the unalloyed and nickel- 
molybdenum alloyed irons. In the plain irons, increasing phos- 
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Fig. 3—Influence of Phosphorus on the Temper- 
ature of Solidification of the Iron Carbide-Iron Phos- 
phide Eutectic in 2.65 Total Carbon, 2.25 Silicon 
Base Gray Irons. 
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Fig. 4—Influence of Phosphorus on the Time 
(Offset) Required for the Solidification of the Iron 


Carbide-Iron Phosphide Eutectic in 2.65 Total Car- 
bon, 2.25 Silicon Base Gray Irons. 


phorus content resulted in slightly higher solidification temperatures, 
probably because of the lower degree of undercooling of the eutectic 
in larger quantities. 

The phosphide solidification temperatures in the alloyed irons 
were considerably lower than in the plain irons, and the curve ob- 
tained in the plot was quite different from that for the plain irons. 
It is apparent from a comparison of the two curves that the chemical 
composition of the phosphide in the alloyed iron varied somewhat 
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with phosphorus content, since “undercooling” cannot reasonably be 
used to explain the wide differences in temperature observed. This 
will be discussed in a later section. 

Fig. 4 demonstrates in another manner the differences in prop- 
erties of the two phosphides. The “offset” time required for the 
solidification of the phosphide in the alloyed irons was about twice 
as great as in the unalloyed irons. Since the “offset’’ time is in 
reality the “time lag” brought into the normal cooling by the phos- 
phide solidification, it is apparent that the quantity of phosphide in 
the alloyed iron must have been greater or the latent heat of fusion 
per unit greater than in the unalloyed iron. Either condition indi- 
cates a difference in composition. 

Extrapolations of the plots of “offset” time versus phosphorus 
content to low phosphorus content in both types of iron intersect the 
“zero” time axis at about 0.12 per cent phosphorus. Since the 
“offset” time is an indication of the disturbance in cooling when the 
phosphide solidifies, the intersection indicates no disturbance; or no 
phosphide. This point shows, therefore, the maximum solubility of 
phosphorus in the particular irons studied, 0.12 per cent. 


METALLOGRAPHIC STRUCTURES 


As is shown in Fig. 1, no thermal indication of an austenite 
transformation was observed on cooling the 3-inch casting of heat 
No. 1. After the eutectic solidification, the cooling progressed 
smoothly with a gradually diminishing rate. Subsequent metallo- 
graphic examination disclosed that the austenite transformation prod- 
uct was acicular of a type intermediate between pearlite and mar- 
tensite. According to Flinn,’** transformation of austenite to this 
structure takes place at between 600 and 800 degrees Fahr. (315 
and 425 degrees Cent.). This was confirmed by examination of spec- 
imens from the acicular irons after isothermal transformation at 
temperatures between 600 and 1000 degrees Fahr. (315 and 540 de- 
grees Cent.). The transformation rate in this temperature range 
is very slow which, coupled with the slow natural cooling rate of 
the 3-inch casting, explains the failure of the cooling data to disclose 
the transformation. 

Heat No. 11 (0.14 per cent phosphorus) behaved similarly. 
Heat No. 8 (0.34 per cent phosphorus) and all the higher phos- 
phorus alloyed heats underwent partial or complete transformation, 


1Loc. cit. 
2Loc. cit. 
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Fig. 5 (a) Upper, (b) Lower—Microstructures at the Centers of 3-Inch Castings 
of Alloyed Gray Iron. Base Analysis: 2.65 Total Carbon, 2.25 Silicon, 1.20 Manganese, 
1.75 Nickel, and 0.75 Molybdenum. 

a—0.016 Per Cent Phosphorus—Fully Acicular Structure. x 1000. 
b—0.14 Per Cent Phosphorus—Fully Acicular Structure. xX 1000. 





GRAY CAST IRON 


Fig. 5 (c) Upper, (d) Lower—Microstructures at the Centers of 3-Inch Castings of 
Alloyed Gray Iron. Base Analysis: 2.65 Total Carbon, 2.25 Silicon, 1.20 Manganese, 
1.75 Nickel, and 0.75 Molybdenum. 

c—0.34 Per Cent Phosphorus—Acicular + 5 Per Cent Pearlite. 1000. 
d—0.45 Per Cent Phosphorus—Acicular + 10 Per Cent Pearlite. x 1000. 
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Fig. 5 (e) Upper, (f) Lower—Microstructures at the Centers of 3-Inch Castings 
of Alloyed Gray Iron. Base Analysis: 2.65 Total Carbon, 2.25 Silicon, 1.20 Manganese, 
1.75 Nickel, and 0.75 Molybdenum. 

e—0.58 Per Cent Phosphorus—Pearlite +2 Per Cent Acicular. x 1000. 
f—0.77 Per Cent Phosphorus—Fully Pearlitic Structure. X 1000. 
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as indicated by the cooling curves, at between 1145 and 1292 degrees 
Fahr. (565 and 700 degrees Cent.), all within the pearlite range. 
The microstructures of the castings are shown in Fig. 5. 

The 0.016 and 0.14 per cent phosphorus heats were fully acicu- 
lar with the structure predominantly of the intermediate type, but 
with small quantities of martensite. The 0.34, 0.45, and 0.58 per 
cent phosphorus heats were of mixed microconstituents; predomi- 
nantly acicular with a little pearlite in the 0.34 phosphorus heat, and 
predominantly pearlitic with a little acicular product in the 0.85 per 
cent phosphorus heat. At higher phosphorus levels the castings were 
fully pearlitic. 

The matrix microstructures of the unalloyed irons were rela- 
tively unchanged with varying phosphorus content, except for in- 
creases in the quantity of steadite at high phosphorus levels. 

The austenite transformation data based on thermal analysis of 
the alloyed castings during cooling and metallographic examination 
and comparison with isothermally transformed specimens are pre- 


sented in Table ITI. 


Austenite Transformation Temperatures in Centers of 3-Inch Diameter Castings 


Pearlite Transformation Acicular 
Heat Per Cent Temperature ( °F.) Transformation 
P Min. Max. Ave. Temp. Range* 
’ age 650-750 and 450-500 
nak al 1145 
1200 1225 1212 
1234 1268 1249 
1247 1276 1261 
1245 1292 1268 
1254 1281 1269 
1258 1292 1275 


1333 1336 1335 
1365 1372 1369 
1365 1371 1368 
1366 1382 1374 


650-750 and 450-500 
650-750 


* Estimated by comparison of as-cast microstructure with the microstructure of isothermally 
transformed specimens. 


THE PHOSPHIDE EUTECTIC 


During the course of the investigation it was noted that small 
spherical particles were usually formed on the top surfaces of the 
higher phosphorus castings in the alloyed series. These particles 
were firmly fixed to the surface and could be dislodged only by fair- 
ly sharp blows with a hammer. In order to establish their identity 
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Fig. 6—Photograph of the Top Face of the 3-Inch Castings from Heat 
N6. Analysis: 2.65 Total Carbon, 2.25 Silicon, 1.20 Manganese, 1.75 
Nickel, 0.75 Molybdenum, and 0.80 Phosphorus. Notice the Small Pellets 
Which Adhere to the Surface Even After Sand Blasting. xX 1. 


and to determine the conditions under which these pellets were 
formed, the 3-inch casting from an alloyed heat with 0.80 per cent 
phosphorus was carefully skimmed after pouring and observed dur- 
ing its entire soidification and cooling until the pellets were formed. 

This casting solidified with a smooth concave top and proceeded 
to cool until the surface reached about 1750 degrees Fahr. (955 de- 
grees Cent.), as measured with the optical pyrometer. Small beads 
began to form at this time and continued to increase in size until 
the casting surface reached about 1600 degrees Fahr. (870 degrees 
Cent.). Unfortunately no photograph of this particular casting \was 
made. However, another casting of the same analysis and poured 
at the same time for another purpose, but which was not skimmed, 
was available. A photograph of the casting, N6, after sand blasting 


is shown in Fig. 6. The beads adhered tightly even after sand 
blasting. 
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The microstructure of one of the pellets from the top of the 
casting is shown in Fig. 7. It was characteristically eutectic with a 
structure identical to the phosphide eutectic areas in the higher phos- 
phorus irons. (Compare with Fig. 5f.) 

Because of the microstructure of the pellets and temperature at 
which they were formed, it was obvious that they were composed of 
the phosphide eutectic. The entire yield from each available casting 
was, therefore, gathered and analyzed for carbon, silicon, nickel, 
molybdenum, and phosphorus. The results of the chemical analyses 
are given in Table IV. 





Table IV 
Chemical Compositions of a Eutectics Extruded from the Alloyed Castings 
——Analysis is of Base lron——_—_———-_ -—————Analysis of Eutectic-———_-- Heat 





Tae Si P Mo* Ni* TL. Si P Mo Ni Number 
2.61 2.31 0.95 0.75 1.75 bees 4.11 3.75 1.65 7 
2.64 2.22 1.25 0.75 1.75 2.06 1 4.27 2.19 1.61 2 
2.65% 2.25% 0.95% 0.75 1.75 dae 1.00 4.37 3.96 oan $11 
2.65° 2.28% 1.60% 0.75 1.75 ne 1 4.48 2.23 1.68 $13 


* Calculated composition 





Upon examination of the data in Table IV, it is apparent. that 
the influence of phosphorus on the structure of the alloyed irons lay 
in the removal of molybdenum from the matrix. Material balances 
for the irons showed that the segregation of molybdenum to the phos- 
phide was practically complete. Considering heats 511 and 513, 
the balances are as follows: 


Heat No. 511 


Average analysis — 0.75 per cent molybdenum and 0.95 per cent phosphorus 
Eutectic analysis — 3.96 per cent molybdenum and 4.37 per cent phosphorus 


Basis—1l pound iron 
Phosphorus in eutectic = 0.0095 — 0.0012 = 0.0083 pound 
(solubility of phosphorus = 0.12 per cent as shown in Fig. 4) 


100 
Weight of eutectic = 0.0083 X “a 0.19 pound 


Weight of molybdenum in eutectic = 0.19 x 0.0396 = 0.00753 pound 
Total molybdenum in 1 pound iron = 0.0075 pound 


Heat No. 513 


Average analysis — 0.75 per cent molybdenum and 1.60 per cent phosphorus 
Eutectic analysis — 2.23 per cent molybdenum and 4.48 per cent phosphorus 


Basis—1 pound iron 
Phosphorus in eutectic = 0.0160 — 0.0012 = 0.0148 pound 


ee 
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Fig. 7—Microstructure of the Small Pellet of Phosphide Eutectic from Top of 
the —— Casting of Heat N6. Compare Structure with the Eutectic Areas in Fig. -5. 
x L 


100 
Weight of eutectic = 0.0148 X 448 = 0.33 pound 


Weight of molybdenum in eutectic = 0.33 X 0.0223 = 0.00738 pound 


Since castings usually run to much lower phosphorus contents 
than those discussed above, it was necessary to establish the maxi- 
mum attainable molybdenum content of the phosphide eutectic, in 
order to appraise the seriousness of the segregation. For this pur- 
pose Heat No. 514 with 2.65 T.C., 2.25 Si, 1.20 Mn, 1.75 Ni, 2.50 
Mo, and 1.60 P, was made. The high phosphorus content was se- 
lected to insure that a sufficient weight of the extruded pellets would 
be available for analysis. The analysis of the pellets from the 3- 
inch casting of this heat and the comparative analysis of the ternary 
eutectic in unalloyed irons are given below: 


Heat No. 514 Unalloyed Irons 
Per cent total carbon ......... 2.12 1.96 


Per cent silicon ......600ccee- 1.15 1.00 
Per cent phosphorus ......... 4.47 7.04 
Per cent molybdenum ........ 5.85 oat 


Per cent nickel .............. 1.65 
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Fig. 8—Microstructure of the Center of a 3-Inch Casting from Heat 514. Analysis: 
2.65 Total Carbon, 2.25 Silicon, 1.20 Manganese, 1.75 Nickel, 2.50 Molybdenum, and 
1.60 Phosphorus. Matrix Molybdenum Content is 0.87 Per Cent. Note Pearlite Enve- 
lope Surrounding the Eutectic Area. X< 1000. 


A material balance showed that 0.87 per cent molybdenum remained 
in the matrix, which indicates that the pellets had achieved the maxi- 
mum molybdenum content and were probably of quaternary eutectic 
composition. 

These results demonstrate conclusively the reasons for the 
differences in temperature and “time” of solidification in molyb- 
denum alloyed irons as compared with unalloyed irons. The lower 
temperature is undoubtedly due to the introduction of a fourth alloy, 
molybdenum, into the ternary iron-carbon-phosphorus system, while 
the longer “time” is due to the larger quantity of phosphide eutectic 
formed in the alloyed irons. 

The practical significance of the segregation is apparent upon 
calculation of the quantity of molybdenum combined in the phos- 
phide in an ordinary gray iron to which a molybdenum alloy addition 
had been made. In a casting of ordinary foundry phosphorus con- 
tent, 0.35 to 0.40 per cent, the quantity of molybdenum uselessly com- 
bined in the quaternary eutectic before any appreciable quantity can 
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be released to the matrix is 0.30 to 0.36 per cent. Therefore, small 
additions of molybdenum to an ordinary gray iron, in which no 
attempt is made to keep the phosphorus to low levels, are useless. 

It might be assumed from the foregoing results that sufficient 
molybdenum could be added to satisfy the demands of the phos- 
phide eutectic, and the matrix could then be alloyed in the usual 
manner. However, metallographic examination of the casting from 
heat No. 514 (the high phosphorus, high molybdenum heat) showed 
that, although the calculated matrix molybdenum content was 0.87 
per cent, and the nickel content was about 1.75 per cent, pearlite was 
present in envelopes around the phosphide eutectic areas. This struc- 
ture is shown in Fig. 8. 

It is apparent, therefore, that in the attempted production of 
the highest test gray irons in which the acicular structure is to be 
obtained by alloying with molybdenum it is essential that the phos- 
phorus content be maintained at a preferable maximum of about 
0.12 per cent. 


PHOSPHIDE SOLIDIFICATION TEMPERATURES 


It will be recalled that the plot of phosphide solidification tem- 
perature in the alloyed irons versus phosphorus content shown in 
Fig. 3 was discontinuous, with a “shelf” indicating no influence of 
phosphorus on the solidification temperature from low phosphorus 
contents to about 0.70 per cent, and continuously higher solidification 
temperatures with increasing phosphorus content above 0.70 per 
cent. A phosphorus-molybdenum material balance for a 0.75 per 
cent molybdenum iron shows that the phosphide will be saturated 
with molybdenum at phosphorus contents up to 0.72 per cent, but 
that at higher phosphorus contents the availability of molybdenum 
limits the content in the phosphide to less than saturation, about 
5.85 per cent. Therefore, up to 0.70 per cent phosphorus the phos- 
phide in the iron will be of constant composition, but with increas- 
ing phosphorus in the iron the molybdenum content in the phosphide 
will be reduced. 

Thus, the “shelf” in the curve of Fig. 3 marks the limits of con- 
stant phosphide composition in a 0.75 per cent molybdenum ‘iron. 
The second section of the curve indicates decreasing molybdenum 
content in the phosphide, which reflects in the curve as higher solidi- 
fication temperatures. The curve would, presumably, become asymp- 
totic to the curve for the plain irons shown in the same figure. 
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THE DIFFUSION OF MOLYBDENUM BETWEEN AUSTENITE AND 
PHOSPHIDE 


It is apparent from an examination of the graphs of Fig. 2 that 
the nickel-molybdenum alloyed irons solidified with full alloy con- 
tent in the austenite. The liquidus temperatures of the alloyed irons 
were consistently lower than in the unalloyed irons at all phosphorus 
levels, and the eutectic temperatures were consistently higher. How- 
ever, it is apparent also that the molybdenum had segregated to the 
phosphide eutectic liquid by the time it was ready to solidify, as 
evidenced by the lower temperature of solidification and the longer 
time required in the alloyed irons. The molybdenum must, therefore, 
have diffused from the solid austenite to the liquid phosphide eutectic 
during the cooling from the iron-iron carbide eutectic to the iron- 
carbon-phosphorus-molybdenum eutectic temperatures. 

In order to determine whether or not a reversal of the diffusion 
would occur upon reheating the alloyed irons to above their eutectic 
melting temperature, a series of remelting experiments was con- 
ducted. For this purpose 34-inch cubic sections were removed from 
the centers of the castings and reheated to the eutectic temperature 
and melted. 

Holes were drilled into the small cubic sections, and chromel- 
alumel thermocouples, with beads protected by a thin coating of 
alundum cement-sodium silicate mixture, were inserted. The assem- 
bly was then placed in holes drilled into refractory bricks, covered 
with a slurry of alundum cement and water, and baked at 500 de- 
grees Fahr. (260 degrees Cent.) after air drying. This arrange- 
ment was selected in order that the heating rate during the remelting 
procedure would be nearly the same in the equipment available as the 
cooling rate of the original castings. 

The brick was placed in a Hayes Globar element electric fur- 
nace and heated, under constant power input, to 2200 degrees Fahr. 
(1205 degrees Cent.). Temperature readings were made each 10 
seconds during the heating from 1000 degrees Fahr. (540 degrees 
Cent.). A plot of temperature versus time gave a characteristic 
heating curve with “halts” at the austenite transformation tempera- 
ture, phosphide eutectic melting temperature, and iron-carbon eutec- 
tic temperature. In all, six sections were remelted, and heating 
curves were obtained for each. The data taken from these curves 
are presented in Table V and plotted in Figs. 9 and 10. 
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As shown in Fig. 9, increasing phosphorus content from 0 to 
0.60 per cent raised the austenite transformation temperature 40 to 50 
degrees Fahr., but with further increases above 0.60 per cent the 
transformation temperature was lowered. The initial increase in 
temperature was probably caused by the introduction of phosphorus 
in the iron lattice. After the maximum solubility of phosphorus 


1800 


Beginning - ——“So1aification Temperate 
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Fig. 9—Influence of Phosphorus on the Aus- 
tenite Transformation Temperature Range and 
Phosphide Melting Range on Reheating Sections 
of 3-Inch Castings. (Base Analysis—2.65 To- 
tal — 2.25 Silicon, 1.75 Nickel, 0.75 Molybde- 
num. 


had been exceeded no further significant effect with increasing phos- 
phorus was noted until the content became sufficiently high to permit 
the removal of a significant quantity of molybdenum from the matrix 
to effect a lowering of the austenite transformation temperature. 
This quantity was apparently reached at about 0.60 per cent phos- 
phorus. The temperature then decreased and approached an asymp- 


Table V 
Transformation Temperatures on Reheating Sections from 3-Inch Cylinders 








Tem ture ( °F.) 








Heat Per Cent ——Austenite— ~—Phosphide—— Eutectic——— 
No. P Beg. End Beg. End Beg. End 
1 0.016 1415 1462 None None 2093 2118 
8 0.34 1424 1494 1690 1749 2064 2105 
5 0.58 1450 1511 1727 1772 2040 2097 
7 0.95 1410 1465 1735 1780 2000 2065 
a 1.25 1375 1430 1732 1775 1967 2025 
0 


1.83 1357 1410 1745 1792 1926 1983 
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tote as the molybdenum content of the matrix approached zero. 

The phosphide melting range was slightly higher on reheating 
than on cooling the original casting. This is a commonplace be- 
havior. 

As shown in Fig. 10, the iron-iron carbide eutectic melting tem- 
peratures were influenced in a very unusual manner by increasing 
phosphorus content. At lower phosphorus contents the eutectic tem- 
peratures were somewhat higher than in the original castings, which 
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Fig. 10—Influence of Phosphorus on the Eu- 

tectic Melting Temperature Range on Reheating 

Sections from 3-Inch Castings. (Base Analysis— 

2.65 Total Carbon, 2.25 Silicon, 1.75 Nickel, 0.75 

Molybdenum.) 


would have been expected. However, at phosphorus contents above 
about 0.70 per cent the remelting of the eutectic began on tempera- 
tures lower than the eutectic temperature on cooling. In fact, the 
eutectic of the 1.83 per cent phosphorus iron was completely re- 
melted by the time its temperature on reheating had reached the 
eutectic temperature on cooling. 

These results answer the question originally raised as to whether 
or not a reversal of the rapid diffusion of molybdenum from aus- 
tenite to phosphide on cooling would be realized on reheating. It is 
obvious that this is not the case. Since, as shown in Fig. 2, unalloyed 
irons had lower eutectic temperatures than alloyed irons, it follows 
that, in reality, the temperature measured on reheating the cubic 
sections was the temperature of melting of an unalloyed eutectic, 








422 TRANSACTIONS OF THE A. S. M. Vol. 35 


in other words, one devoid of molybdenum. The nickel content of 
the matrix of all the alloyed irons was about 1.75 per cent as indi- 
cated before; however, since it is known that nickel has little effect 
on the eutectic temperature, it can be ignored in this case. 

Photomicrographs at 100 and 500 of the remelted section 
from heat No. 7 (0.95 per cent phosphorus) are shown in Fig. 11. 
The specimen was heated to 2200 degrees Fahr. (1205 degrees Cent.), 
held about 5 minutes, then removed from the furnace and allowed 
to cool in the air. The refractory brick crucible reduced the cooling 
rate somewhat, although the rate was considerably greater than in 
the original 3-inch casting. This is demonstrated by the presence 
of eutectiform (undercooled) graphite in the air-cooled structure. 

The areas which had been melted on reheating can be readily 
distinguished from those areas not remelted by their martensitic 
structure. Apparently the rapid cooling rate between the iron-iron 
carbide and iron-phosphorus-carbon eutectic temperature inhibited 
the segregation of molybdenum which, in combination with the rapid 
cooling rate at subeutectoid temperatures, permitted the remelted 
austenite to transform to martensite. As a matter of fact, it is pos- 
sible that the actual molybdenum content of the martensitic areas 
was greater than the average 0.75 per cent in the casting itself. Since 
in the original casting all the molybdenum was combined with the 
phosphide eutectic, all of which melted on reheating, the molyb- 
denum content of the liquid present at 2200 degrees Fahr. (1205 
degrees Cent.) was considerably greater than 0.75 per cent (only a 
fraction of the proeutectic austenite melted). Therefore, if the sub- 
sequent cooling rate were rapid enough, the austenite could retain 
more than 0.75 per cent molybdenum. 


FREEZING AND REMELTING OF ALLOYED GRAY IRON CASTINGS 


On the basis of the preceding observations, the solidification 
and remelting of nickel-molybdenum-phosphorus alloyed gray iron 
castings may be described in the following manner: At tempera- 
tures above the liquidus the alloys are distributed homogeneously in 
the entire melt. On cooling to the liquidus temperature primary aus- 
tenite of apparently full alloy contents, that is, nickel and molyb- 
denum, with probably about 0.12 per cent phosphorus, begins. to 
separate from the melt. This continues to the eutectic temperature. 
The eutectic reaction consists in the separation of saturated austenite 
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Fig. 11—Microstructure of a Section from the 3-Inch Casting of Heat No. 7 
(2.65 Total Carbon, 2.25 Silicon, 1.20 Manganese, 1.75 Nickel, 0.75 Molybdenum, and 
0.95 Phosphorus). After Partial Remelting at 2200 Degrees Fahr. Followed by Re- 
Note the Adjacent Pearlite and Martensite Grains, and the 


tarded Cooling in Air. 
Eutectic Form Graphite in the Upper Photograph. Upper— xX 100. Lower— x _ 500. 
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and graphite or carbide from the eutectic liquid. During this entire 
solidification, the phosphorus, except for roughly 0.12 per cent, re- 
mains in the liquid state with ternary eutectic composition. 

On further cooling, the liquid ternary eutectic receives molyb- 
denum from the matrix until the quaternary eutectic composition is 
achieved or until nearly all the molybdenum has been removed from 
the austenite. During this chemical change, however, other reactions, 
which result in the extrusion of the small pellets previously de- 
scribed, occur. First, the quantity of eutectic is increased as evi- 
denced by the low phosphorus content in the eutectic obtained in the 
alloyed irons. Second, the surface of the casting cools and con- 
tracts, thus exerting a compressive force on the interior of the cast- 
ing. At high phosphorus contents the combination of expansion and 
contraction is sufficient to cause actual rupture of the casting sur- 
face and the formation of the small pellets. 

On reheating, any phosphide eutectic present melts first, and 
the molybdenum combined therein is not available for alloying the 
austenite at the iron-iron carbide eutectic. At low phosphorus levels 
the quantity of molybdenum tied up in the phosphide is not great, 
so the iron-iron carbide eutectic temperature is at temperature slight- 
ly above the original solidification temperatures. As the phosphorus 
content is increased to higher levels, however, the quantity of molyb- 
denum in the phosphide becomes greater, and the austenite becomes 
unalloyed insofar as molybdenum content is concerned. Thus, it is 
melted at a lower temperature which corresponds to the temperature 
for an unalloyed iron (refer to Fig. 2). 


SUMMARY AND CONCLUSION 


It has been shown in the present paper that molybdenum forms 
a complex quaternary eutectic with phosphorus, iron, and carbon in 
alloyed gray cast iron. The composition is such that for each unit 
of phosphorus above that amount soluble in iron, 0.12 per cent, 1.3 
units of molybdenum are removed from the matrix. 

The chemical composition of the complex eutectic obtained in 
the alloyed iron was: 


Per Cent 
PO ee Peet 2.10 
SD: idaho cae 1.10 
Se 1.65 
Phosphorus .......... 4.40 
Molybdenum ......... 5.85 


(Balance Iron) 
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In low phosphorus, molybdenum alloyed irons the eutectic composi- 
tion probably approximates the above; however, unless the molyb- 
denum content exceeds 1.3 (per cent phosphorus—0.12), practically 
all the molybdenum is present in the phosphide, and the molybdenum 
content of the phosphide is limited by the availability. 

As a consequence of the molybdenum segregation, a pearlitic 
structure may be obtained in a molybdenum alloyed iron, although 
the average alloy content yields an acicular type structure. 

The diffusion of molybdenum to the phosphide eutectic takes 
place between solid austenite and liquid phosphide at between their 
respective solidification temperatures. On reheating, however, the 
reverse reaction does not occur. On remelting an alloyed iron with 
high phosphorus content it was found that the eutectic melting tem- 
perature approached the temperature of unalloyed irons due to the 
failure of the molybdenum to rediffuse to the solid austenite. 

From a practical standpoint, the addition of small quantities of 
molybdenum to an ordinary gray iron in which no attempt is made 
to hold the phosphorus content to low levels is useless due to the 
practically complete segregation of molybdenum to the phosphide 
eutectic. 
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DISCUSSION 


Written Discussion: By V. A. Crosby, Climax Molybdenum Com- 
pany of Michigan, Detroit. 

The authors’ findings add substantially to our fund of knowledge on the 
subject of alloy phosphide eutectics. The new information, regarding these 
eutectic phosphides which the authors have given us, will serve as a basis for 
future investigations. The authors deserve credit for a wise choice of analyses 
for this investigation. The selection of a critical composition for a section size 
which will just produce a bainitic structure in 3-inch sections when poured at 
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2650 degrees Fahr. (1455 degrees Cent.) is evidence that a great deal of study 
preceded the authors’ experiments. The information contained in this paper 
offers, for the first time, a technical explanation for a phenomenon which a 
number of foundrymen and metallurgists have observed, but have never been 
able to explain. 

The authors’ experiments established the following facts under the con- 
ditions of their investigation: A—That the effectiveness of a molybdenum 
addition on austenite transformation decreases in the presence of increasing 
percentages of phosphorus. B—That the phosphide eutectic in molybdenum 
alloyed irons is molybdenum-rich. C—That molybdenum depresses the liquidus 
temperature and raises the eutectic (iron-iron carbide) temperature. These 





findings may well have practical significance in sections in which cooling rates 
are slow and near-equilibrium conditions prevail. However, information to 
follow does not confirm the authors’ findings when referring to castings of 
thin sections and in sections represented by 1.2-inch diameter test bars. 

The writer feels that the authors have been a little too comprehensive in 
their conclusions as stated in the last paragraph of the paper: “From a practical 
standpoint, the addition of small quantities of molybdenum to an ordinary gray 
iron in which no attempt is made to hold the phosphorus content to low levels 
is useless due to the practically complete segregation of molybdenum to the 
phosphide eutectic”. No exception is taken to the quoted statement if the 
sections are those represented by the 3-inch casting used for the data in this 
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paper. However, no mention is made of this point; and it cannot be dis- 
regarded when segregation is the subject under consideration. Data, accumulated 
through experience with plain and alloyed gray irons containing up to 0.55 per 
cent phosphorus in sections from % inch to 1.2 inch, furnish results contradictory 
to those predicted from the authors’ formula “ .. . unless the molybdenum 
content exceeds 1.3 (per cent phosphorus —0.12) practically all the molybdenum 
is present in the phosphide. .. .”. Sections represented by 1.2-inch diameter 
test bars (and this is the yardstick for measuring the quality of nearly all 
alloyed iron), and smaller, cool far too fast to permit the degree of segregation 
indicated by the authors in their study of the 3-inch section test bars. 

Fig. A shows an acicular structure obtained by the use of 0.43 per cent 
molybdenum in a 0.35 per cent phosphorus-copper iron: 


































Analysis 


Per Cent 
Total Carbon - 
Combined Carbon 0.62 
Graphitic Carbon 2.95 
Manganese 0.55 
Silicon 3.07 
Sulphur 0.06 
Phosphorus 0.35 
Molybdenum 0.43 
Copper 0.85 


By calculation from the authors’ formula, only 0.13 per cent molybdenum 
could be present to effect the retardation of austenite to bainite as shown in the | 
micrograph. 

Table A shows data compiled from 1.2-inch diameter test bars made in a | 
production foundry from cupola metal containing 0.50 to 0.55 per cent phos- | 


















Bar 


Analysis: LF-1 LF-2 
Per Cent Per Cent 
Total Carbon 3.48 3.44 } 
Combined Carbon 0.72 0.78 
Graphite 2.76 2.66 
Manganese 0.62 0.61 
Silicon 2.17 2.16 
Sulphur 0.122 0.110 f 
Phosphorus 0.523 0.540 
Molybdenum 0.037 0.62 
Nickel Trace 0.12 
Chromium 0.12 0.12 
Physical Properties: 
Transverse Bars LF-1 LF-2 


Transverse Load (18-inch Centers) 


Deflection 

B.H.N. 228 241 
Tensile Bars LF-1 LF-2 

Tensile strength, psi. 29,920 36,960 

B.H.N. 217 241 


The increase in tensile strength of 7040 psi., with the use of 0.62 per cent 
molybdenum, is within the range of normal expectancy. On the basis of 
calculation proposed by Rote and Wood, however, no molybdenum would be 
available to bring about this increase of strength. 
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In Table B, laboratory data are presented from results obtained in testing 
1.2-inch diameter bars produced from an induction heat of gray cast iron con- 
taining 0.35 per cent phosphorus : 


Table B 
1. Chemical Analysis of Arbitration Test _ 1.2-Inch Diameter 
Bar Identification 2 3 4 
a slid Se tle Cent———_—__—__—_. 
Total Carbon 3.30 3.32 3.28 3.25 
Combined Carbon 0.82 ai ai 
Graphite 2.48 
Manganese 0.62 
Silicon 1.81 
Sulphur 0.085 
Phosphorus 0.350 reds i 8 ae 
oe enum 0.008 0.26 0.54 0.88 
None vec dea aan 
coon None 
2. Brinell Hardness 
S cast 217 228 241 255 
3. Transverse Tests 
Load, pounds 2,415 2,660 2,925 3,270 
Deflection, inches 0.255 0.272 0.269 0.277 
4. Tensile Strength, = 40,500 45,800 49,800 52,400 
5. Impact Strength, t /pounds 35.4 35.7 ‘44.0 47.6 


As a basis for comparison using No. 1 and No. 2 bars, an increase of 5000 
psi. is observed with 0.26 per cent molybdenum. Here again, on the basis of the 
authors’ (Rote and Wood) calculation, there would be no molybdenum 
available. 

Table C shows data compiled from 1.2-inch diameter test bars made in a 
production foundry using cupola metal with the alloys added to the ladle: 


Table C 
Analysis: 
ar Numbers 331-B 331-A 331-P 
Per Cent Per Cent 

Total Carbon iced pais 3.34 
Combined Carbon ae vies 0.74 
Graphite shat : adie 2.60 
Manganese shes vid 0.55 

ilicon inde tera 1.46 

“lphur oats ap 0.158 
Phosphor us hte EP 0.377 
Molybdenum None 0.32 0.41 
Nickel yok beh 0.05 
Chromium ea ea ceuh None 


Physical Properties: 
Transverse (18-inch Centers) 2, Pounds 2,340 Pounds 2,525 Pounds 


Deflection 0.286 Inch 0.261 Inch 0.300 Inch 
Brinell 207 217 223 

Tensile 35,600 Pounds 41,800 Pounds 42,240 Pounds 
Brinell 202 217 217 





—_— 


The results are in close agreement with data shown in Table B. The alloy 
addition of 0.32 per cent molybdenum to a base iron containing 0.377 per cent 
phosphorus increased the tensile strength 6200 psi—a figure well within our 
normal expectancy for 0.32 per cent molybdenum. The authors’ calculations 
would indicate a mere 0.02 per cent molybdenum available for this job. 
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In Table D, data are shown comparing a 0.42 per cent phosphorus iron 
unalloyed and alloyed with 0.27 per cent molybdenum. It would be evident 
from Rote and Wood’s calculations that there would be insufficient molybdenum 
to take care of the phosphorus by 0.12 per cent, yet we observe an increase in 
tensile strength and an increase in hardness somewhat above the normal ex- 
pectancy. 





Chemical Analysis: 
Plain Molybdenum 
Iron ron 
Per Cent Per Cent 
Total Carbon 
Combined Carbon 
Graphite 
Manganese 
Silicon 
Sulphur 
Phosphorus 
Molybdenum 
Nickel 
Chromium 
Physical Properties: 


Tensile Strength 
Psi. 
Plain Iron 30,800 


Molybdettum Iron 38,280 


In calling attention to the value of molybdenum, even in irons containing 
up to 0.55 per cent phosphorus (and in sections represented by 1.2-inch diameter 
test bars or less), the writer does not wish to leave the impression that higher 
phosphorus alloyed irons than those used commercially could be considered 
quite satisfactory. Low phosphorus content is desired for other reasons than 
for strength. The prevailing practice of maintaining phosphorus at 0.15 per 
cent maximum for nearly all alloyed irons has merit and is the result of many 
years of experience. In some designs and for some particular applications, 
alloyed irons with phosphorus content reduced to 0.05 per cent are required to 
prevent segregation. 

Written Discussion: By J. S. Vanick, metallurgist, International 
Nickel Co., Inc., New York. 

The authors have made an important contribution to our knowledge of 
cast irons. I believe its importance ranges beyond the confines of its title and 
provides us with some markers on the map of compositions within which a safe 
course may be steered toward producing high strength cast irons. 

The problem of whether you get an acicular structure or not might be 
comparable in importance to the similar foundry problem of whether you get 
an unmachinable white iron casting or a machinable gray one. In both cases, 
the speed of crystallization or segregation is extremely rapid and control is 
commonly exercised by adjusting the composition rather than attempting to 
do anything with the cooling rate. 

Information that an appreciable segregation occurs in low phosphorus 
castings has been known to some foundrymen. Roll makers, for example, have 
examined the “sweat” shown in Fig. 6 that occurs in larger particles on the 
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necks of rolls. In a case of this kind, our laboratory obtained the following 
results. The segregation of phosphorus and molybdenum is striking. 


Change from Roll 


Compositicn Roll “Sweat” Composition 
Cc 2.90 3.11 + 7 
Si 0.55 0.43 — 22 
Mn 0.22 0.11 — 50 
Mo 0.12 0.53 340 
S 0.08 0.11 37 
P 0.45 2.50 +450 


I have long felt the need to specify the composition of iron that is desired 
for a specific purpose because physical tests of the usual type are inadequate 
and may not define the character of the product in its final desired form. I 
have observed specifications for nickel-molybdenum high strength irons which 
permitted up to 0.60 per cent phosphorus for castings that are to be subsequently 
heat treated. The difficulties invited by the failure for the structure of these 
irons to become acicular either “as cast” or alternately, if successful, “as cast”, 
to lose this quality upon being heat treated, poses a serious problem for either 
the producer of the castings or the processor of them in arriving at the desired 
quality in the finished articles. 

Many of us build our ideas of the behavior of cast iron upon the basic 
concept that gray cast iron can be considered to be a steel interspersed with 
graphite. We are aware that the silicon and carbon contents of cast iron sub- 
stantially affect the relationship between it and steel. We usually fail to ex- 
ercise the same degree of respect that the steel maker exercises regarding the 
presence of other elements and the risks of contamination and segregation that 
may occur. Consequently, the “S” curves or “TTT” curves for a 4640 type of 
nickel-molybdenum steel, for example, which might be instructive for a low- 
phosphorus cast iron, would be practically useless in predicting the behavior 
of high-phosphorus, nickel-molybdenum cast iron whose structure finished 
pearlitic when it should have been acicular. We are all aware, I believe, that 
for two irons of the same strength, the acicular structured one will be tougher 
and possess a greater resistance to impact and fatigue. The authors might have 
included some measure of this advantage to emphasize the practical importance 
of their work. 

While this work should be helpful in guiding us toward the achievement 
of the acicular structure where this objective is desired, it suggests extending 
the study to include: 

(a) the rate at which the segregate forms 

(b) some measure of the rate and degree of segregation for changes 
in carbon content 

(c) the stability or instability of the segregate at different temperature 
levels. 

Written Discussion: By George M. Biggert, laboratory chemist, Canton 
Research Department, United Engineering and Foundry Co., Canton, Ohio. 

In our study of the paper, “Segregation of Molybdenum in Phosphorus- 
Bearing Alloyed Gray Cast Iron” by Rote and Wood, we have found the con- 
firmation of several beliefs which we had formed at the time we worked on 
this subject. 
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Figs. B to D—Occurrence of Roll Bleeds and Their Microstructures. 
B—Appearance on Roll. C—After Removal from Roll. D—Bleed Micro 
structure. X 500. E—Bleed Microstructure. xX 50. 

















432 TRANSACTIONS OF THE A. S. M. Vol. 35 
One of our patented U. E. & F. Co. chill grain roll analyses is: 


¢ Si S Mn P Ni Cr Mo 
3.35 0.95 0.065 0.35 to 0.40 a 0.15 0.80 0.30 


If this phosphorus content were allowed to climb to 0.20 or 0.25 per cent, 
by early experience we know the roll would give poor service. This would 
mean, as Rote and Wood have so capably shown, that only 0.10 to 0.20 per cent 
of molybdenum would be in the matrix and we feel reasonably certain that this 
loss of otherwise effective molybdenum is responsible. 

Our Canton United Plant some years ago found that chemical laboratory 
tests cut from the roll fillets gave us a satisfactory average roll analysis. This 
is true because the’fillet gives the best representation of an average area between 
the chill and gray irons found in the roll. The minute the phosphorus content 
reached a point where segregation of the phosphide eutectic was possible we 
had an analytical puzzle in trying to correlate our phosphorus and molybdenum 
results with the calculated results. This undoubtedly was a trouble created 
through segregation. 

Had Rote and Wood cast their 3 by 44-inch cylinders in a chill mold as we 
cast rolls instead of in a core mold, I believe they would have found the bleeding 
to be far more extensive. In the case of rolls this is true, as can be shown by 
Fig. B. This picture of a 34 by 126-inch Plate Mill Roll shows the bleeding to 
extend from under the chill of the body all the way along the taper to the neck 
diameter. Fig. B illustrates an extreme case of bleeding due to segregation. 
The paper just read shows that this bleeding was taking place from the time 
the iron-iron carbide eutectic temperature was reached until the quaternary 
phosphide eutectic had frozen. This means that the temperature range for this 
reaction is from approximately 2000 to 1725 degrees Fahr. (1095 to 940 degrees 
Cent.). which in this large 34 by 126-inch roll would require a time interval 
of an hour and one-half to two hours. A lot of bleeding can and did take place. 

In Fig. C we have the removed bleeds showing the root or feeding stems 
and the effect of the restriction where they were squeezed as these bleeds were 
formed. 

Fig. D of the bleeds at X 500 shows the phosphide eutectic, pearlite, and 
free ferrite to bé present. 

Fig. E at X 50 shows the general arrangement in the bleed microstruc- 
ture. 

In Fig. F is plotted, in comparison, the analysis of the roll and the anal- 
ysis of the roll bleeds as found at the cope neck of three different rolls. The 
elements carbon, silicon, manganese and nickel in the bleeds were found in 
lower percentages than the percentages of the corresponding elements in the 
average roll analysis. These elements are noted as being graphitizers. The 
sulphur, phosphorus, molybdenum and chromium show the reverse phenomena 
in that the bleeds have the higher percentages for the exception of the sulphur 
in one roll, S-1035. These elements are noted as being the carbide stabilizers. 
It is observed that the phosphorus and molybdenum in the bleeds rose as much 


as 1100 and 750 per cent, respectively, above these same elements in the average 
roll analysis. ; 
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Bleed Roll 


Fig. F—Roll Analyses Versus Cope Bleed Analyses on Rolls 
S-939, S-1035, S-1843. 


From this viewpoint, any casting where chills must be applied, such as 
might be done in trying to accelerate the cooling of a wheel hub, this segrega- 
tion and consequent bleeding may become of very great importance, when one 
is trying to obtain a certain analysis and the consequent mechanical properties. 

I want to take this opportunity to praise and congratulate both Mr. Rote 
and Mr. Wood on the exceptionally neat work which they have done in the 
preparation of this paper. 


Authors’ Reply 


The interest exhibited by the discussers in the preparation of written con- 
tributions and the constructive comments which they have presented are ap- 
preciated by the authors. Considerable data of importance were presented. 
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Mr. Crosby’s discussion shows conclusively the beneficial effects of rather 
small additions of molybdenum in light section castings of relatively high phos- 
phorus content. However, it shows also the inadequacy of the 1.2-inch test bar 
as a yardstick for measuring the quality of alloyed irons for any casting more 
than %4 to % inch thick. Calculations show that the ratio of area to volume in 
a 1.2-inch diameter infinite cylinder is 3.33 square inches per cubic inch. The 
same ratio is obtained in an infinite flat plate 0.60 inch thick. It would seem, 
therefore, that a 1.2-inch arbitration bar and a 0.60-inch plate would cool at 
the same rate, providing the speed at which heat can be removed from the sur- 
face is the controlling factor in the cooling of a casting. Experimental work 
by the authors showed that the structure, hardness, and tensile strength of 1.2- 
inch test bars and of plates 0.50 and 0.75 inch thick were similar in a number 
of different alloyed irons, which indicated that the cooling rates were approxi- 
mately the same. 

Similar area to volume ratio calculations show that a 3-inch diameter in- 
finite cylinder would be comparable to a plate only 1.5 inches thick. Thus, as 
shown by Mr. Crosby’s data, molybdenum additions to relatively high phos- 
phorus irons may be beneficial in a 4% to %4-inch section, while as shown by 
the authors’ work, they may be totally lost by segregation in a 1.5-inch section. 
Therefore, if any acceptance standard is to be established for alloyed irons, its 
section should be based on the predominating critical section in the casting. 

The authors acknowledge the profound effect of cooling rate on the degree 
of segregation in a phosphorus and molybdenum-bearing iron, and suggest this 
as a good reason for reappraising the arbitration bar standards now in use. 

Mr. Vanick’s data correlate with those presented by the authors. His 
comments regarding the problems in heat treating phosphorus-bearing alloyed 
irons are well taken, since as shown in the paper, re-solution of the molybde- 
num taken up by the phosphide eutectic did not occur even on heating to above 
the iron-iron carbide eutectic temperature range. Thus, as he pointed out, “S” 
curves or “TTT” curves might be misleading. 

While no quantitative data were given to show the rate of formation of 
the complex phosphorus-molybdenum-rich eutectic or its rate of re-solution, it 
was shown that the segregation occurred in the time interval between the iron- 
iron carbide and iron-iron phosphide eutectic, about 13 minutes in the 3-inch 
casting. ‘Further, practically no re-solution of molybdenum occurred until the 
iron had been reheated to above the iron-iron carbide eutectic temperature. 
There may be partial answers to his suggested extensions of the investigation. 

It is gratifying to learn of the experience reported by Mr. Biggert, since 
it presents practical evidence of the loss in mechanical properties or roll life 
when the action of valuable molybdenum was lost by segregation to the phos- 
phide eutectic. Mr. Biggert’s plots showing the segregation of the carbide 
stabilizers in the phosphide and of graphitizers in the matrix of a casting are 
valuable additions to the data presented in the paper. 

Acknowledgment is made of private discussions of the paper by others 
who were unable to present oral discussions because of lack of time during the 
technical session. 








A RELATIONSHIP BETWEEN HARDENABILITY AND 
TENSILE STRENGTH OF NORMALIZED STEELS 


By Louis A. CARAPELLA 


Abstract 


The hardenability of a steel has been found, as a gen- 
eral rule, to affect the ratio between the water-quenched 
hardness and the hardness resulting from any definite 
rate of cooling according to the equation 


3 =A loge Dy + B. 


By augmenting this equation through the use of other 
derived empirical expressions, a relationship between 
hardenability and tensile strength of normalized steels 
has been established. 

This finding may be mathematically stated as follows: 


TS. = 93,000 loge Per Cent Carbon + 362,700 
—0.85 loge D; + 3.25 


A simple chart has been prepared by which the above 
equation can be readily solved. 

The validity of the foregoing relationship has been 
confirmed in a unde variety of commercially normalized 
steels. This information will assist in developing new steel 
compositions with desired combinations of hardenability 
and normalized tensile properties through an efficient and 
economical use of alloying elements. 





+ 5000. 


HAT the hardness and tensile properties of steels are related 

has long been common knowledge to the physical metallurgist. 
Of similar recognition is the fact that the hardness of steels is more 
or less governed by the hardenability, depending, of course, on the 
rate of cooling from the austenitizing temperature. On the basis of 
these existing evidences, a relationship between hardenability and 
tensile properties of steel is suggested. 

The underlying reason in support of this suggestion is the fact 
that the inherent factors of hardenability, i.e., chemical composition 
and grain size, fundamentally influence the eutectoid compositions, 
transformation temperatures, and rates of reaction, and thereby 


The author is associated with Mellon Institute of Industrial Research, 
Pittsburgh, Pa. Manuscript received August 2, 1944. 
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alter the general character of the aggregate structures of steels. 
Gensamer and his co-workers (1)*, (2) have quantitatively dem- 
onstrated the dependence of tensile properties of steels on the nature 
of their microstructures. 

For commercial interests, a relationship between hardenability 
and tensile strength of normalized steels has been established. This 
information, which is useful in that it supplements other predictable 
properties of steels, is computed from only hardenability values as 
proposed by Grossmann (3) and the derived equation. Moreover, 
this relationship augments the possibility of selecting new steel com- 
positions with an efficient and economical use of alloying elements 
to obtain desired combinations of hardenability and normalized tensile 
strength. 


DERIVATION OF THE RELATION OF HARDENABILITY 
To NORMALIZED TENSILE STRENGTH 


In the development of the equation correlating hardenability 
and normalized tensile strength, three independent relationships have 
been used, namely: 

(a) Hardenability as a function of the ratio of hardness in both 

the water-quenched and normalized conditions; 

(b) Water-quenched hardness as a function of carbon content; 

and, 

(c) Hardness as a function of tensile strength. 

Before arriving at the final equation, it was necessary to derive 
within certain limits suitable mathematical expressions for each of 
these functions. The limits were selected so as to include conditions 
likely to be experienced in commercial practices. Considerations of 
these functions will be individually discussed. 

Hardenability as a Function of Hardness—Notwithstanding the 
fact that much work has been done on both the hardness and hard- 
enability of steels, the work of Field (4) is of noteworthy importance 
because it shows a quantitative correlation between the ideal critical 
diameter (hardenability) and the ratio of initial-end-hardness to the 
distance-hardness of a Jominy test bar (see Fig. 1). A further con- 
sideration of this work reveals that the general function given at 
right best defines the relation of hardenability to the hardness ratio: 


1The figures appearing in parentheses pertain te the references appended to this paper. 
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<> = A log. Di + B, (1) 
where H’ = initial hardness, 


H = distance hardness, 
D, = ideal critical diameter, and 
A, B = constants. 
Moreover, the function is valid over a wide range of cooling rates, as 
seen in Fig. 2. As a general case, H’ may be assumed as the water- 
quenched hardness and H as the hardness which results from a 
particular rate of cooling from the austenitizing temperature. 


stance Haraness 


H'_ Initial Hardness 
H 





ldeal Critical Diameter (D,), In. 


Fig. 1—A Relation Between Hardness Ratio and Hardenability at Various Dis- 
tances Along a Jominy Test Bar. [According to J. Field (4)]. 


Water-Quenched Hardness as a Function of the Carbon Content 
—For plain carbon and common alloy steels, Burns, Moore, and 
Archer (5) have demonstrated that the maximum hardness attainable 
upon quenching depends on the carbon content alone and is in- 
dependent of the austenitic grain size. From general experiences, 
however, the hardness of water-quenched steels has been found to 
fall within the shaded area given in Fig. 3. Between the limits shown 
the following equation gives the most probable value of hardness: 


H’ = 200 log. Per Cent Carbon + 780, (2) 
where H’ = water-quenched hardness (BHN). 


This equation is in close agreement with the observations of Welchner, 
Rowland, and Ubben (6). 
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___ Fig. 2—A General Equation Relating Hardness Ratio and Harden- 
ability for Various Rates of Cooling. 
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_ Fig. 3—A relation of Water-Quenched Hardness to Carbon 
Content of Steels. 


Hardness as a Function of Tensile Strength—Ample information 
is available establishing the validity of this function over a wide range 
of hardness and tensile strength for plain carbon and alloy steels. For 
the purpose of this paper, only that range of hardness and tensile 
strength generally found in normalized steels has been considered. 
The data used in Fig. 4 have been taken from the Metats HANDBOOK 
(7) and appear within these limits to be best approximated by this 
equation : 


T.S. = 465H + 5000, (3) 
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where T.S. = tensile strength in pounds per square inch, and 
H = hardness (BHN). 

Hardenability as a Function of Tensile Strength—By combining 
Equations (1), (2), and (3), a general empirical expression relating 
hardenability and tensile strength for any rate of cooling from the 
austenitizing temperature has been obtained as shown below: 


Ts, — 93:000 log. Per Cent Carbon + 362,700 
ae A log. D, + B 

The constants, A and B, evidently define the rate of cooling after 

an austenitizing treatment. Therefore, once the constants are de- 





+ 5000. (4) 
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Fig. 4—A Relation of Tensile Strength to 
Hardness of Steels. 


termined for a particular rate of cooling, the tensile strength can 
then be computed from the hardenability of a steel subjected to this 
type of heat treatment. 

In order to determine the constants, A and B, for steels given 
a commercial normalizing heat treatment, the data presented in Table 
I were used. These experimental steels were selected to give a wide 
range of carbon contents and hardenability values; they represent a 
variety of steels ranging from the plain carbon to high alloy types. 
Only the carbon content is indicated; a complete analysis was not 
performed for reasons of expedience and because the hardenability 
values were determined experimentally. 


i 
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Table I 
The Hardenability and Normalized Tensile Strength of Some Experimental Steels 
Steel Per Cent Steel Per Cent 
No Carbon Dr (obs.) T.S. (obs.) No, Carbon D1 (obs.) T.S. (obs.) 
E- 1 0.25 0.55 70,850 E-14 0.35 2.53 105,000 
E- 2 0.30 0.75 76,700 E-15 0.40 2.65 120,000 
E- 3 0.36 1,03 89,500 E-16 0.33 3.10 119,000* 
E- 4 0.35 1.55 90,100 E-17 0.40 3.20 126,500 
E- 5 0.20 1.76 83,400 E-18 0.27 3.90 119,000 
E- 6 0.40 1.80 93,500 E-19 0.27 3.94 129,000* 
E- 7 0.50 1.85 120,000 E-20 0.39 4.18 134,000 
E- 8 0.28 1.97 95,000 E-21 0.41 4.80 150,000* 
E- 9 0.43 2.19 116,000* E-22 0.32 4.85 130,000 
E-10 0.31 2.37 107,000* E-23 0.28 5.50 145,000 
E-11 0.29 2.40 95,000 E-24 0.36 5.50 158,000* 
E-12 0.32 2.40 102,000* E-25 0.31 5.80 162,000 
E-13 0.38 2.40 108,000 


_. *These values were converted from normalized hardness data and are considered to be 
within +5 per cent of the actual tensile strength. 











The constants were established by applying the method of least 
square to Equation (4) and the data set forth in Table I. Accord- 
ingly, the tensile strength of normalized steels and hardenability have 
been found to be related as follows: 


__ 93,000 log. Per Cent Carbon + 362,700 
ap —0.85 log. D: + 3.25 Tae.» ©) 


Curves computed for constant carbon contents according to this equa- 
tion are shown in Fig. 5. The graph may be conveniently used for 
obtaining approximate values of normalized tensile strength from 
hardenability data. The lower limit is set at D;~0.5 inch in the 
absence of sufficiently reliable data for very low hardenability values. 
The upper limit, on the other hand, is restricted to hardenability values 
for steels which produce little or no martensite upon normalizing. 


COMMERCIAL REALIZATION OF THE RELATIONSHIP 


Voluminous particulars have been published on the subjects of 
hardenability and the normalized physical properties of steels. Of all 
the available information, relatively little has been sufficiently com- 
plete to test the validity of Equation (5). Only the data of Jackson 
and his co-workers (8) and that of Sims and Dahle (9) are entirely 
satisfactory for this purpose. In the cases where the hardenability 
values were not determined experimentally, they were computed 
from the Grossmann hardenability factors (3) for all elements 
except in the ranges of high silicon and manganese contents where 
the factors of Crafts and Lamont (10) were employed. 





NORMALIZED STEELS 








Normalized Tensile Strength, 1000 Psi. 





= 93,000 %C + 362700 
7TS= Lees 7325 +5,000 


2 3 
idea! Critical Diameter (Dy, Inches 


Fig. 5—A Relation of Normalized Tensile 
Strength to Ideal Critical Diameter (Hardenability) 
for Constant Carbon Content of Steels. 


+10 % Error Curve 
B +5 % a a 
C Normal Expectancy ure | 


Calculated Tensile Strength, 1000 Psi. 


Fig. 6—A Comparison Between Computed and 
Actual STensile Strength of Normalized Steels. 
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The calculated normalized tensile strength values agree fairly 
well with those observed, as brought out in Tables II and III. A 
comparison between the calculated and observed tensile strength is 
illustrated in Fig. 6. It is clear from this figure that the variation 
is rarely more than +10 per cent; in the majority of cases, it is less 
than +5 per cent of the normal expectancy value. 

It is important to note that the carbon content influences the 
tensile strength greatly as seen in Fig. 5; hence, a slight error in the 
carbon content will introduce a considerable disparity between the 
computed and observed tensile values. Moreover, a computed value 
which is unreasonably higher than observed may indicate that the 
maximum effect of the alloying elements has not been fully developed. 
On the other hand, a very low value may be often attributed to in- 
complete analysis. 


SUM MARY 


Three independent and empirical relationships have been estab- 
lished mathematically as follows: 


1. Hardenability as a function of the hardness ratio for any def- 
inite rate of cooling from the austenitizing temperature : 


i = A log. Di + B. (1) 
2. Water-quenched hardness as a function of the carbon content : 
H’ = 200 log. Per Cent Carbon + 780. (2) 
3. Hardness as a function of tensile strength: 
T.S. = 465H + 5000. (3) 


By combining these three functions, the tensile strength of steels 
becomes related to the hardenability according to this general equa- 
tion: : 
93,000 loge Per Cent Carbon + 362,700 
A log. Di + B 
The constants, A and B, depend on the rate of cooling from the 
austenitizing temperature. In the case of a normalizing heat treat- 
ment, the constants have the following values: 


T.S. = + 5000 (4) 


A = —0.85, and 
B = 3.25. 


The validity of this equation has been confirmed in a wide variety 
of commercially normalized steels. This relationship will assist in 
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developing new steel compositions with desired combinations of 
hardenability and normalized tensile properties by using the alloying 
elements efficiently and economically. 
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ANNEALING STUDIES ON COLD-ROLLED IRON AND 


IRON BINARY ALLOYS 


By CHar-es R. Austin, L. A. LuIni, AND R. W. Linpsay 


Abstract 


Investigation of the behavior of a group of iron 
binary alloys has been extended to include the study of 
the response of these alloys to strain hardening by cold 
rolling and the behavior of the cold-rolled alloys during 
annealing. The data presented are for the alloys of iron 
with nickel, chromium, cobalt, silicon, manganese and 
molybdenum. These alloys were reduced in thickness by 
5, 20, 40, 75 and 90 per cent and the cold-rolled alloys 
were annealed subsequently at temperatures ranging from 
625 to 1400 degrees Fahr. (330 to 760 degrees Cent.) 
employing a constant annealing period of 1 hour at each 
temperature. The effect of time as a variable was studied 
at 900 degrees Fahr. (480 degrees Cent.). Comparison 
studies were made on unalloyed iron in all instances. 
Changes during cold working and annealing were followed 
by means of Vickers hardness measurements and micro- 
examination. 

The results on unalloyed tron were in agreement with 
other investigations upon the subject of cold working and 
annealing of metals and alloys, as regards the effect of 
amount of deformation and the processes of recovery, 
grain growth and recrystallization. 

In most cases the binary alloys behaved similarly to 
unalloyed iron in their response to cold rolling. There 
were significant differences in behavior during annealing, 
with molybdenum, chromium and manganese being effec- 
tive in displacing the softening of the cold-worked sam- 
ples to higher temperatures in comparison to the soften- 
ing temperature of iron. 


HE mechanism of strain hardening in metals and their alloys, 
and the removal of strain hardening by annealing, has always 
stimulated interest among metallurgists. 





A paper presented before the Twenty-sixth Annual Convention of the So- 
ciety held in Cleveland, October 16 to 20, 1944. Of the authors, Charles R. 
Austin is professor of metallurgy, Pennsylvania State College, State College, 
Pa.; Louis A. Luini is associated with the Materials Laboratory, Wright 
Aeronautical Corporation, Paterson, N. J.; and R. W. Lindsay is assistant 
professor of metallurgy, Pennsylvania State College, State College, Pa. 
script received June 20, 1944. 
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number of factors involved in a study of this subject is several 
and makes such studies rather complex and extensive. These fac- 
tors would include the prior history and original structure of the 
material involved, the type and amount of deformation to which it 
was subjected, the temperature and time of annealing and the chemi- 
cal composition of the material. 

Numerous investigators have concerned themselves with these 
factors in most of the common metals and alloys and pure iron has 
received its share of attention. However, it is striking that iron has 
been neglected in one important respect, that is the effect of second 
element additions on the strain hardening characteristics and re- 
sponse to annealing. 

The need for such data is rather obvious. In ferrous materials 
the matrix quite frequently consists of ferrite which often contains 
other elements in solid solution. Knowledge of the behavior of iron 
binary solid solution alloys would be of material benefit in several 
ways. For example, many ferrous materials are shaped and formed 
by cold working operations and it is possible that the strain harden- 
ing capacity of ferrite and its capacity for further deformation may 
be affected by the presence of other elements. Furthermore, in com- 
mercial fabricating operations it is often necessary to subject the 
cold-worked material to annealing and it is of importance to know 
the manner in which elements in solid solution in ferrite affect the 
various aspects of this annealing process. At other times this ferritic 
phase is subjected to a combination of stress and elevated tem- 
perature and again the effects of added elements in solid solution 
in ferrite have received meager quantitative study. 

Accordingly the present work was undertaken to investigate the 
strain hardening characteristics of unalloyed iron and its subsequent 
softening during annealing and to ascertain the effect upon these 
processes of a second element in solid solution in the iron. 


REVIEW OF LITERATURE 


The literature on cold working and annealing of metals and 
alloys is quite voluminous. This review will be confined to iron and 
iron alloys, referring to results on other metals and their alloys at 
points where they apply to the presentation. 

A large share of attention has been devoted to the cold working 
and annealing of iron of a more or less high degree of purity. An 
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excellent bibliography on this subject has been given by Kaiser and 
Taylor (1).* Kenyon (2) studied the behavior of Armco iron on 
cold rolling and found that the hardness increased at a decreasing 
rate up to 13 per cent reduction in thickness at which point the hard- 
ness had increased from Rockwell B-32 to B-65. Butler (3) has 
shown that the first slight amount of cold work raises the tensile 
strength and hardness of iron and iron alloys at a rapid rate. This 
is followed by a lesser and rather uniform increase and with still 
further degree of cold deformation these properties increase at a 
more rapid rate. 

A concise summary of studies of the effect of cold work on 
the properties of iron is given in the MeTats HANDBOOK (4). This 
summary includes also some references to investigations on the an- 
nealing of cold-worked iron. 

Oberhoffer and Oertel (5), (6) carried out an extensive inves- 
tigation on the recrystallization of cold-worked iron. They found 
that the temperature at which recrystallization began depended 
chiefly on the amount of previous deformation. The greater the 
amount of deformation, the lower was the temperature for the be- 
ginning of recrystallization. The change in Brinell hardness could 
not be shown to be related to changes in microstructure and appeared 
to be independent of grain size. The specimen compressed 5 per 
cent showed substantial softening after annealing at elevated temper- 
atures, without any visible structural change. These investigators 
constructed a three-dimensional diagram showing the relation be- 
tween amount of deformation, annealing temperature, and resulting 
grain size. 

Tammann and Moritz (7) found that the increase in indenta- 
tion hardness of electrolytic iron caused by cold working was re- 
moved partially by annealing at temperatures between 500 and 600 
degrees Cent. (930 and 1110 degrees Fahr.), but annealing at 800 
degrees Cent. (1470 degrees Fahr.) or above was necessary for 
complete softening. 

Sauerwald and Globig (8) showed that it was possible to soften 
cold-worked iron without the occurrence of recrystallization. They 
found that with low annealing temperatures, recovery is the princi- 
pal process involved. The rate of softening decreased with time 
and softening was not complete even after long times. Recrystalli- 
zation occurred at higher temperatures and gave rise to a sudden in- 
crease in the rate of softening. 


‘The figure®@ appearing in parentheses pertain to the references appended to this paper. 
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Pomp and Niebch (9) worked with Krupp soft iron and found 
that samples stretched 5 per cent in tension softened only by recov- 
ery. 3 
Quite frequently with low amounts of deformation exception- 
ally coarse-sized grains develop upon annealing. This was shown in 
earlier investigations by Sauveur (10) and by Chappell (11). In 
investigating the recrystallization of commercial iron, Oberhoffer 
and Jungbluth (12) found this condition to exist after 10 per cent 
deformation followed by annealing at 700 to 800 degrees Cent. (1290 
to 1470 degrees Fahr.). This study was repeated by Oberhoffer 
and Oertel (5) using electrolytic iron and in this material these con- 








Table I 
Softening Temperatures of Iron Binary Alloys After 90 Per Cent Reduction by Rolling 
(After Tammann (14) 


Softening Temperature 


Material in Degrees Cent. 

Fe (Electrolytic) 520 
4 Atomic per cent Al 600 
2 Atomic per cent Si 600 
2 Atomic per cent V 620 
4 Atomic per cent Cr 700 
4 Atomic per cent Co 640 
4 Atomic per cent Ni 600 
2 Atomic per cent Mo 750 
1 


Atomic per cent W 760 








ditions did not lead to a coarse grain size. Kaiser and Taylor (1) 
showed that the temperature at which abnormal grain growth oc- 
curred is independent of the type of deformation. They indicate 
also that variations between the behavior of commercial iron and 
electrolytic iron may be because different materials require different 
critical amounts of deformation. Pomp and Niebch (9) found large 
grains to be developed in some of their samples and attributed this 
to recrystallization, although it would seem that such coarsening after 
limited cold deformation may relate to true grain growth without 
recrystallization. 

Very little work has been done on the effects of added elements 
on the annealing characteristics of iron. Tammann (13), (14) has 
published probably the most extensive piece of work on this subject, 
investigating the effects of additions of aluminum, silicon, vanadium, 
chromium, cobalt, nickel, molybdenum and tungsten to electrolytic 
iron. The samples were reduced 90 per cent by rolling prior to an- 
nealing. His data on iron binary alloys is reproduced in Table I. 
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Butler (3) has shown that additions of 2 per cent of nickel, 
chromium, and molybdenum raised the temperature at which re- 
crystallization began by 20, 50, and 200 degrees Cent. respectively. 


EXPERIMENTAL PROCEDURE 


The method of preparation of these alloys has been discussed 
in a previous publication (15) and the analyses are listed in Table 
II. In all instances, the percentage of added element was less than 
the limit of solid solubility in alpha iron and hence the investigation 
deals with alloyed ferrites. 





Table Il 
Chemical Composition of Alloys Investigated 


- Weight Per Cent Alloying Element-————__—_—_ — 
Alloy Cc Cr Co Ni Mn o 





Si P S 
Pure Iron 0.02 0.003 0.005 0.032 0.03 0.004 0.003 0.010 0.013 
(0.03 0.45 0.005 0.032 0.05 0.004 0.012 0.011 0.011 
Chromium 0.02 0.99 0.005 0.034 0.03 0.004 0.004 0.010 0.013 
0.03 4.83 0.005 0.023 0.03 0.004 0.008 0.012 0.015 
(0.02 0.003 0.52 0.037 0.03 0.004 0.004 0.012 0.014 
Cobalt 40.02 0.003 1.00 0.043 0.05 0.004 0.004 0.010 0.019 
(0.02 0.003 5.08 0.08 0.03 0.004 0.004 0.012 0.015 
0.03 0.003 0.005 0.57 0.03 0.004 0.004 90.010 0.011 
Nickel 0.02 0.003 0.005 1.15 0.03 0.004 0.004 0.010 0.015 
0.02 0.003 0.005 4.83 0.03 0.004 0.004 0.010 0.016 
(0:06 0.003 0.005 0.032 0.69 0.004 0.004 0.010 0.014 
Manganese 0.06 0.003 0.005 0.030 1.33 0.004 0.004 0.011 0.020 
(0.03 0.003 0.005 0.054 0.03 0.11 0.004 0.010 0.014 
Molybdenum 40.03 0.003 0.005 0.023 0.03 0.54 0.004 0.010 0.014 
(0.04 0.003 0.005 0.016 0.03 1.50 0.004 0.011 0.014 
[e-e8 0.003 0.006 0.033 0.03 0.004 0.22 0.012 0.015 
Silicon ,0.02 0.004 0.005 0.032 0.03 0.004 0.59 0.011 0.016 
(0.02 0 0.03 0.004 1 0 0 


003 0.005 0.055 


21 .010 -012 





Cold Rolling—The alloys as-received, in the form of bar stock 
of ;s-inch diameter, were cold-rolled to a thickness of 0.223 inch. 
The materials in this condition were subjected to a softening anneal 
consisting of heating to 975 degrees Cent. (1785 degrees Fahr.) for 
1 hour, followed by furnace cooling to 650 degrees Cent. (1200 
degrees Fahr.) and holding for 20 hours before furnace cooling to 
room temperature. All heat treatments in the investigation were 
conducted in a vacuum of 100 microns or better with temperatures 
controlled to +1 degree Cent. The selection of the pretreatment re- 
sulting in a dead soft condition of the alloy was dependent on the 
experimental observations already cited. 
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The softened alloys were given reductions in thickness of 5, 20, 
40, 75, and 90 per cent by flat cold rolling. The thickness was re- 
duced approximately 0.015 inch per pass. A small length of the 
dead soft material taken from each alloy was considered as repre- 
sentative of the unworked condition. Additional small lengths were 
removed after each reduction. The progress of hardening by cold 
rolling was followed by means of the Vickers hardness test employ- 
ing a 10-kilogram load applied for 30 seconds. Hardness readings 
on the rolled pieces were taken on the rolled faces. 

Annealing—Specimens of %4-inch length were cut from the 
alloys in the various cold-worked conditions and annealed for 1 hour 
at different temperatures followed by furnace cooling to room tem- 
perature. The annealing temperatures used covered a range from 
330 to 870 degrees Cent. (625 to 1600 degrees Fahr.). Annealing 
curves were plotted to relate changes in Vickers hardness to anneal- 
ing temperature and the changes in hardness were correlated with 
changes in microstructure. 

The effect of time at temperature was studied by annealing spec- 
imens at 480 degrees Cent. (900 degrees Fahr.) for various periods 
up to 20 hours. This phase of the investigation was carried out on 
a separate set of specimens and served the purpose of studying an 
important variable. The reason for selection of this particular tem- 
perature will be apparent in a later section. 

Grain size determinations were made on certain of the alloys 
using a micrometer eyepiece which gave readings in A.S.T.M. grain 
size numbers. An especially comprehensive microscopic study was 
carried out on the unalloyed iron specimens after each annealing 
treatment and the grain size was determined on each sample. 


STUDIES ON THE UNALLOYED [RON 


It is felt that the presentation and discussion of the results 
might be clarified if the behavior of the unalloyed iron was separated 
from that of the alloys. A comparison between the behavior of the 
iron and that of the alloys will be made in the conclusions. 

The progress of work hardening by cold rolling of the unalloyed 
iron is shown in Fig. 1 where the increase of hardness is plotted as 
a function of the percentage reduction in thickness during rolling. 
It is to be noted that the iron shows an appreciable increase in hard- 
ness during the initial stages of reduction, but this increase becomes 
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less with heavier reductions so that around 40 per cent reduction 
the curve tends to become parallel to the horizontal axis. Finally the 
curve turns sharply upward again from 75 to 90 per cent reduction 
in thickness. This is the conventional method of plotting which fre- 
quently exhibits an inflection at the higher reductions per cent, as 
usually calculated. It is interesting to note that the form of the 
curve is similar to the stress-strain curves of various metal and 
alloys tested in tension, wherein the average true stress is plotted as 
a function of the reduction of area based on the original area (22). 
This latter variable was similarly computed to provide the data for 
the abscissa used in Fig. 1. 


8 


Change in Hardness (VPN) 
8 


8 





0 20 40 90 
Reduction in richness [ak x100);% 


Fig. 1—The Relation Between the Degree 
of Cold Deformation as Measured by Reduction 
in Thickness on Rolling and the Vickers Pyra- 
mid Hardness for ho Commercials Pure Iron. 


The microstructures corresponding to various stages of rolling 
are shown in Fig. 2. These indicate that there is no microstructural 
evidence of plastic deformation until the reductions in thickness ap- 
proximate 40 per cent or more. The samples were taken normal to 
the rolled faces so that the entire thickness from one rolled face to 
the other was examined. 

Samples representing each degree of cold rolling were annealed 
for 1 hour at 625, 800, 900, 1000, 1200, 1300, 1400, and 1600 de- 
* grees Fahr., a new set of samples being annealed at each temperature. 
The progress of softening with increase of annealing temperature 
is shown for each of the five reductions of thickness in Fig. 3. Ex- 
tensive microscopic studies were made on these annealed specimens 
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Fig. 2—Effect of Cold Reduction by Rolling on the Structure of the Fully 
Annealed Commercially Pure Iron. Etched in 4 Per Cent Nital. xX 100. 

A. Annealed. B. 5 Per Cent Reduction. 

C. 20 Per Cent Reduction. D. 40 Per Cent Reduction. 

E. 75 Per Cent Reduction. F. 90 Per Cent Reduction. 
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and certain representative ones were photographed to illustrate 
changes in structure with relation to changes of hardness. Photo- 
micrographs of these structures are included as Figs. 4 to 8. In 
conjunction with the microscopic examination, grain size determina- 
tions were made before and after the annealing treatments. Thus it 
was possible to ascertain the grain size during recrystallization, the 
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Fig. 3—Relation Between Annealing Temperature and Vickers Pyramid Hardness 
for the Commercially Pure Iron Reduced 5 to 90 Per Cent in Thickness by Cold Rolling. 


grain size just after recrystallization was complete, and changes in 
grain size as a consequence of grain growth. Data on these studies 
are tabulated in Table III together with the corresponding Vickers 
hardness and remarks concerning the progress of structural changes. 

It will be noted in the column on comments on microstructure 
that uncertainty occasionally obtains as to whether recrystallization 
has been effected. This is dependent on the fact that with relatively 
low reduction per cent, grain growth can occur by boundary migra- 
tion without the inception of true recrystallization. Furthermore, 
recrystallization is also accompanied by grain growth and the prog- 











1945 IRON AND IRON BINARY ALLOYS 455 


ress of this latter phenomenon is indicated by the column showing 
grain size after heat treatment. 

The relation between reduction in thickness, annealing tempera- 
ture, and A.S.T.M. grain size may be presented in a clear manner 
on a three-dimensional type of diagram. Such a diagram has been 
constructed in Fig. 9. The shaded areas under the curves relating 





Fig. 4—Effect of Annealing for 1 Hour at Various Temperatures on the Micro- 
structure of Commercially Pure Iron After Reducing 5 Per Cent in Thickness by 
Cold Relling. Etched in 4 Per Cent Nital. x 100. 

A. 800 Degrees Fahr. B. 1200 Degrees Fahr. C. 1600 Degrees Fahr. 


grain size to annealing temperature represent the range of tempera- 
ture in which recrystallization may be assumed to occur. The height 
of the curve at the low end of this shaded range is indicative of the 
initial grain size of new recrystallized grains, while the height of the 
curve at any higher temperature within this recrystallization range 
is evidence of the growth of these new grains. Continuations of 
these curves beyond the shaded areas illustrate grain growth of the 
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Fig. 5—Effect of Annealing for 1 Hour at Various Temperatures on the Micro- 
structure of Commercially Pure Iron After Reducing 20 Per Cent in Thickness by 
Cold Rolling. Etched in 4 Per Cent Nital. x 100. 

A. 800 Degrees Fahr. B. 1000 Degrees Fahr. C. 1200 Degrees Fahr. 
D. 1300 Degrees Fahr. E. 1600 Degrees Fahr. 
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Fig. 6—Effect of Annealing for 1 Hour at Various Temperatures on the Micro- 
structure of Commercially Pure Iron After Reducing 40 Per Cent in Thickness by 
Cold Rolling. Etched in 4 Per Cent Nital. x 100. 

A. 800 Degrees Fahr. B. 900 Degrees Fahr. C. 1000 Degrees Fahr. 
D. 1200 Degrees Fahr. E. 1600 Degrees Fahr. 
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Table Il 
Details of A.S.T.M. Grain Size, Vickers Pyramid Hardness and Microstructural Charac- 
teristics Reiating to Commercially Pure Ircn Reduced Varying Amounts by Rolling, 
and Annealed for 1 Hour at the Indicated Temperature 
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VPN 
Hardness 


109 
123 
153 
161 
197 


97 
114 
134 
157 
178 


83 
107 
114 
101 

89 


structure, after recrystallization has been completed, at higher an- 
nealing temperatures. No recrystallization is indicated for the speci- 
mens reduced 5 per cent in thickness and yet at 870 degrees Cent. 
a structure of exceptionally large-sized grains is developed. The 
significance of this will be brought out in the discussion. 

The three-dimensional diagram shows also the grain sizes de- 
veloped at any given annealing temperature, above that at which the 
structure has recrystallized, as a function of degree of cold work. 
The dotted curve drawn in on the base of the diagram illustrates the 
interdependence of recrystallization temperature and amount of cold 
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Grain growth 
Not clear 


Comments on 
Microstructure 
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No change 
No change 
No change 
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Fig. 7—Effect of Annealing for 1 Hour at Various Temperatures on the Micro- 
structure of Commercially Pure Iron After Reducing 75 Per Cent in Thickness by 
Cold Rolling. Etched in 4 Per Cent Nital. x 100. 

A. 800 Degrees Fahr. B. 900 Degrees Fahr. C. 1000 Degrees Fahr. 
D. 1200 Degrees Fahr. E. 1600 Degrees Fahr. 
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Fig. 8—Effect of Annealing for 1 Hour at Various Temperatures on the Micro- 
structure of Commercially Pure Iron After Reducing 90 Per Cent in Thickness by 
Cold Rolling. Etched in 4 Per Cent Nital. x 100. 

A. 800 Degrees Fahr. B. 900 Degrees Fahr. C. 1000 Degrees Fahr. 
D. 1200 Degrees Fahr. E. 1600 Degrees Fahr. 
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Fig. 9—Relation Between the Effect of 1 Hour Anneal at 
eo. Varying from 800 to 1600 Degrees Fahr. and the 
A.S. 


T.M. Grain Size of the Unalloyed Iron, Following Cold 
Reduction by Rolling 5 to 90 Per Cent. 
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Fig. 10—Relation Between Time of Annealing (1 to 20 Hours) at 900 
Degrees Fahr. and the Vickers Pyramid Hardness of the Unalloyed Iron Fol- 
lowing Cold Reduction by Rolling 5 to 90 Per Cent. 


work. This diagram embraces many corroborations of previously 
published data on annealing of cold-worked metals (4). 
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Pure Iron After Cold Rolling 40 and 75 Per Cent Reduction in Thickness. 
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Fig. 11 (cont.)—Effect of Time of Annealing on the Microstructure of Com- 
mercially Pure Iron After Cold Rolling 90 Per Cent Reduction in Thickness. 
Etched in 4 Per Cent Nital. >< 100. 90 Per Cent. I. 1 Hour. J. 5 Hours. K. 13 
Hours. L. 20 Hours. Annealing Temperature 900 Degrees Fahr. 


A study of the effect of time on the softening of cold-worked 
iron was made at 480 degrees Cent. (900 degrees Fahr.). This tem- 
perature was chosen because it was evident from the foregoing data 
that softening would be sufficiently rapid to be followed in a reason- 
able period of time and yet not too rapid to be studied conveniently. 
It will be noted also that this temperature approximates the inflec- 
tion position on the various hardness-annealing temperature curves 
shown in Fig. 3. Again the results were plotted on a three-dimen- 
sional diagram correlating Vickers hardness, time and per cent re- 
duction of thickness. This diagram is shown in Fig. 10. Inspection 
of this figure will show that for any annealing time there appears to 
be a maximum in the curve of hardness versus per cent reduction 
of thickness, this maximum occurring at 40 per cent reduction. An 
explanation will be offered for this in the discussion. The photo- 
micrographs in Fig. 11 show the changes in microstructure resulting 
after annealing for 1, 5, 13, and 20 hours samples reduced 40, 75, 
and 90 per cent in thickness. The microstructures of the samples 
as-rolled have been presented already in Fig. 2. Photomicrographs 
taken of samples reduced 5 per cent and 20 per cent in thickness 
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were not included since no microstructural changes were noted. This 
condition could readily be foreseen from the microstructural charac- 
teristics already discussed (Figs. 4 and 5). 
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Fig. 12—The Relation Between Degree of Cold Deformation as Measured by Reduc- 


i= of Thickness on Rolling and the Vickers Pyramid Hardness for the Various Binary 
oys. 


STUDIES ON THE BINARY ALLOYS 


The progress of work hardening of the alloys as a consequence 
of cold rolling is shown in Fig. 12 for each alloy by plotting change 
in Vickers hardness as a function of percentage reduction in thick- 
ness. For purposes of comparison, the curve for unalloyed iron is 
plotted on each graph. In most cases, the curves for the alloys are 
practically superimposed upon that for the unalloyed iron; the no- 
table exceptions being the chromium alloys, the manganese alloys, 
and isolated cases in the silicon, cobalt, and molybdenum alloys. It 
is obvious that if the actual hardness values were plotted against 
per cent reduction in thickness, all curves would lie above the curve 
for unalloyed iron as a consequence of the hardening by solid solu- 
tion as demonstrated for these alloys by Austin (15). In addition 
to the positions of the curves for the alloys relative to that for the 
unalloyed iron, the other noticeable differences are the elimination of 
the flat spot evident between 40 and 75 per cent reduction on the 
alloy curves, as compared to the curve for iron and the absence of 
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the definite upward swing of the end of the curve in the case of 
many of the alloys. Examination of the alloys in the as-rolled con- 
dition showed no differences in microstructure as compared to un- 
alloyed iron with the exceptions of grain size variations. 

The changes in hardness of the alloys as a function of anneal- 
ing temperature are shown in Figs. 13 to 15. These diagrams show 
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Fig. 13—Relation Between Annealing Temperature and Vickers Pyramid Hardness for 
the Various Binary Alloys Reduced 5 Per Cent in Thickness by Cold Rolling. 
only the results for the samples reduced 5 per cent, 40 per cent, 
and 90 per cent in thickness. The annealing curves for unalloyed 
iron have been included on the respective graphs. The curves for 
the other reductions are quite similar and show a gradual transition 
with increasing amounts of cold rolling from the type of curve de- 
picted in Fig. 13 to that drawn in Fig. 15. 

The effect of time upon the softening of the alloys at 480 de- 
grees Cent. (900 degrees Fahr.) was studied in order that a direct 
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comparison could be made with the behavior of pure iron, presented 
earlier in the paper. The complete data have been presented in the 
form of bar graphs, reproduced as Fig. 16. The numbers at the 
base of the bars are indicative of the annealing time in hours. The 
letters “A” and “O” indicate the annealed and as-rolled specimens 
respectively. The total height of any bar from the base of the dia- 
gram to the top of that particular bar represents the hardness for 
the alloy under the indicated conditions of prior reduction and 
annealing time at 480 degrees Cent. (900 degrees Fahr.). 


Vickers Heroness Number 


ie rH 


1200 1600 OG 400 
Annealinn Tempereture. © 


Fig. 14—Relation Between Annealing Temperatures and Vickers Pyramid Hardness for 
the Various Binary Alloys Reduced 40 Per Cent in Thickness by Cold Rolling. 
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DISCUSSION OF RESULTS 


In reviewing the literature on this subject, it seemed to the 
authors that a great deal of confusion exists in the terminology re- 
garding the annealing of cold-worked metals and alloys. Accord- 
ingly, a few comments seem desirable before discussing the results 
of the investigation. 

Various processes are considered to be involved in the tempera- 
ture softening curves of cold-worked metals and alloys. Recovery, 
recrystallization, and grain growth occur dependen! upon the tem- 
perature and time of anneal with relation to the prior history of the 
material concerned. A further general conclusion seems to be that 
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these processes may be sharply defined in the case of some metals 
and they may overlap one another in other instances. 
The following definitions seem to be held rather generally: 
Recovery—A change in the properties of cold-worked 
metals in the direction of the state existing prior to de- 
formation. These changes are not accompanied by any 
change in the microstructure. 
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Fig. 15—Relation Between Annealing Temperatures and Vickers Pyramid Hardness for 
the Various Binary Alloys Reduced 90 Per Cent in Thickness by Cold Rolling. 


Recrystallization—The formation and growth of new 
strain-free grains by heating metals and alloys that have 
been cold-worked. With complete recrystallization the un- 
strained grains supplant entirely the cold-worked structure. 
Due to the pronounced changes in structure, the microscope 
affords a convenient means of following recrystallization. 
The changes may be followed also quite accurately by X-ray 
studies. Major changes in the mechanical properties occur 
coincidental with recrystallization and the process may or 
may not be followed accurately by following such changes. 
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Grain Growth—This term, as generally used, refers to 
the growth of the strain-free grains during and after re- 
crystallization. It has been recognized, however, that grain 
growth may occur, without recrystallization, by the simple 
mechanism of boundary migration. Carpenter (16) many 
years ago presented experimental evidence of this phe- 
nomenon. 


THE DEFORMATION AND ANNEALING OF UNALLOYED [RON 


The progressive change of hardness of the unalloyed iron dur- 
ing cold rolling and of the microstructural appearance of the rolled 
structures (Figs. 1 and 2) is common to metals and alloys, and 
requires no specific comment. Furthermore, the results obtained dur- 
ing the annealing of samples reduced 40, 75, and 90 per cent in 
thickness are perfectly straightforward and changes in hardness 
during annealing can be correlated quite well with changes in micro- 
structure. 

The softening at the lower annealing temperatures appears to 
be the consequence of recovery since no changes in microstructure 
were observed after annealing at 330 degrees Cent. (625 degrees 
Fahr.) (for each of the three reductions) and after annealing at 
425 degrees Cent. (800 degrees Fahr.) for 40 per cent reduction. 

Definite evidences of recrystallization can be noted at 425 de- 
grees Cent. (800 degrees Fahr.) for samples reduced 75 and 90 per 
cent in thickness (Figs. 6, 7 and 8) and at 480 degrees Cent. (900 
degrees Fahr.) for the samples reduced 40 per cent in thickness. 
In all three samples a sharp change in direction in the hardness 
curves was indicative of the fact that with a small increase in tem- 
perature total resistance to any recrystallization was followed by 
rapid softening and by complete recrystallization. This tempera- 
ture interval was a minimum with the sample reduced 90 per cent 
and extended over the greatest temperature interval with 40 per cent 
reduction. Some grain growth occurred with all three reductions. 
The recrystallized grain was quite fine with the samples reduced 
75 and 90 per cent and consequently grain growth was quite notice- 
able. The sample reduced by 40 per cent in thickness showed me- 
dium grain size on recrystallization and grain growth was slight 
above the recrystallization temperature. 

The situation is not quite so clear with the samples reduced 5 
and 20 per cent in thickness. There is reasonably good evidence 
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with the sample reduced 20 per cent that recrystallization initially 
occurs at about 540 degrees Cent. (1000 degrees Fahr.). Softening 
at temperatures below 540 degrees Cent. (1000 degrees Fahr.) seems 
to be caused wholly by recovery. When recrystallization does occur 
at 540 degrees Cent. (1000 degrees Fahr.) and above, the recrystal- 
lized grain is large and does not show much further growth, even 
at a temperature of 870 degrees Cent. (1600 degrees Fahr.). This 
is apparently dependent on limited nucleation with low reduction 
per cent. 

These results are summarized in the three-dimensional diagram 
of Fig. 9. The following facts are apparent from this diagram: 

(a) As the amount of reduction is increased from 20 to 
90 per cent, the temperature of the beginning of recrystalliza- 
tion is lowered from 540 to 425 degrees Cent. (1000 to 800 de- 
grees Fahr.). 

(b) The grain size just after recrystallization is complete 
is finer as the percentage reduction becomes greater. 

(c) Recrystallization occurs over a sharply limited tem- 
perature interval with high reductions and a less well defined 
and broader temperature interval with lower reductions. 

(d) Grain growth of the recrystallized grains is most 
pronounced where the recrystallized grains were fine (75 and 
90 per cent reductions) and is less evident when the grains 
were coarser just after recrystallization (20 and 40 per cent 
reductions). 

The behavior of the sample reduced 5 per cent in thickness re- 
quires separate comment. No change in the microstructure was 
noted until the annealing temperature attained 870 degrees Cent. 
(1600 degrees Fahr.) and then exceptionally large grains were de- 
veloped. Hence, the softening at temperatures lower than this was 
caused apparently by recovery. It is probable that the grain coarsen- 
ing at 870 degrees Cent. (1600 degrees Fahr.) resulted without true 
recrystallization and was dependent on grain boundary migration. 

The effect of time upon the softening of cold-rolled iron was 
studied at 480 degrees Cent. (900 degrees Fahr.). The reason for 
the choice of this particular temperature was stated previously. It 
was also pointed out in reference to Fig. 10 that, for any given 
annealing time, there was a maximum in the hardness-per cent re- 
duction curves for each of the annealing temperatures studied and 
this maximum was associated with the samples reduced 40 per cent 
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in thickness. This observation would seem to be dependent on the 
differences in the causes of softening. The samples reduced 5 and 
20 per cent apparently soften by recovery. No change was noted 
in the microstructure up to 20 hours annealing time. On the other 
hand, samples reduced in thickness 40, 75, and 90 per cent softened 
mainly by recrystallization. Recrystallization is rapid and quite com- 
plete with the heavier reductions, but is incomplete even after 20 
hours in the sample reduced 40 per cent. This would mean that 
some strain-hardened regions still exist in the sample and probably 
contribute to keeping the hardness up to a slightly higher level, with 
this reduction, as compared to the other samples. This is confirmed 
by an examination of the photomicrographs in Fig. 11. 


THE DEFORMATION AND ANNEALING OF THE ALLOYS 


The curves relating changes of hardness to per cent reduction 
, T, — T are 
of thickness expressed as —"——-— & 100 were given in Fig. 12, where 
“T,” is the original thickness prior to rolling and “T,” is the thick- 
ness at any stage of reduction. Some of these curves have been re- 
plotted in Fig. 17 to show the relation between changes of hardness 


and reduction in thickness as expressed by the quantity: 2.303 log,, 
+ Bale aig ' 

—°. This is in a sense an expression of true deformation or true 
f 


reduction of thickness. Cook and Richards (17) have made similar 
plots in studying the structural changes effected in 70: 30 brass strip. 
They believe that sharp inflections of the type found between 75 and 
90 per cent reduction in thickness in curves plotted as in Fig. 12 
have no particular significance, but are due to the fact that the per- 
centage reduction of thickness as expressed in this figure is not a 
proportional measure of deformation. They feel that when reduc- 
tion in thickness is expressed in logarithmic fashion as in Fig. 17 
a true proportional scale is provided for deformation. When this 
is done the latter portion of the curves at higher deformations 
assumes an almost linear course, although it will be noted from Fig. 
17 that some of the curves still exhibit a slight turn upward between 
the two highest amounts of cold deformation. In their consideration 
of brass Cook and Richards point out that such curves may be di- 
vided into two portions, the first extending up to approximately 40 
per cent and the second covering the range of higher reductions. 
Their microstructural results indicate that the first part of the curve 
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Fig. 17—Relation Between Degree of Cold Deformation Expressed as 2.303 logio To 


and the Vickers Pyramid Hardness for Molybdenum, Silicon, and Nickel. To is Original 
Thickness and Tr the Thickness At Any Given State of Cold Reduction. 


is associated with crystal slip and the second part with crystal 
breakup. 

The annealing curves for the alloys are very similar in shape 
to those for unalloyed iron. The complete data used in plotting these 
curves are presented in Tables IV to VI. In order to compare the 
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effects of the added elements on the resistance to softening of iron, 
it is necessary to decide upon some basis for comparison. The 
softening temperature chosen here was the half hard point, that is 
the temperature at which the hardness of the annealed alloy lies 
midway between that of the rolled and the fully annealed metal. 
This selected condition is that at which the rate of change in hard- 
ness as a function of temperature of anneal is a maximum (the point 
of inflection of the curve) and hence is the condition most easily and 


Table VI 
Effect of Annealing for 1 Hour at the Temperatures Indicated, on the Vickers Pyra- 
mid Hardness, After Cold Rolling the Various Alloys 90 Per Cent Reduction in Thickness 


90 Per Cent Reduction in Thickness—— 


Alloy Per As 
Cent Rolled 625°F. 800°F. 900°F. 1000°F. 1200°F. 1300°F. 1800 °F 
Pure Iron imaa 206 197 178 89 80 73 71 53 
{ 0.57 215 203 189 117 82 77 75 71 
Nickel } cise 258 242 210 108 99 92 84 87 
| 4.83 262 272 256 141 134 125 124 123 
{f 0.45 203 201 197 166 78 67 54 60 
Chromium 0.99 188 187 173 160 111 71 62 63 
| 4.83 206 202 194 188 180 84 77 76 
0.70 213 216 218 193 165 86 72 76 
Manganese 1.30 251 278 268 249 203 93 87 107 
{ 0.52 238 228 192 97 89 79 76 72 
Cobalt + 1.00 235 219 210 138 87 80 74 76 
{ 5.08 203 192 188 197 111 84 75 79 
{ 0.22 236 222 225 160 92 80 74 83 
Silicon 0.59 235 243 240 197 110 104 92 100 
1.21 279 251 247 236 146 129 128 125 
{ 0.11 251 221 222 209 215 90 75 80 
Molybdenum ee 0.54 255 253 243 225 247 150 87 85 
1. 


-50 274 279 264 266 276 219 109 114 
precisely defined. Such softening temperatures were noted from the 
respective annealing curves and are listed in Table VII. 

It is apparent from this table that molybdenum, chromium, and 
manganese are quite effective in raising the softening temperature 
of iron with all deformations. A more specific comparison can be 
made at approximately 1 weight per cent of added element. It hap- 
pens that this also affords a comparison at 1 atomic per cent of added 
element. The following remarks will then apply: 

Molybdenum is extremely effective in raising the softening tem- 
perature of iron, the increase with all reductions being of the order 
of 95 to 205 degrees Cent. (200 to 400 degrees Fahr.). This ele- 
ment is followed in effectiveness by chromium and manganese which 
are quite similar in behavior and raise the softening temperature by 
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about 95 to 150 degrees Cent. (200 to 300 degrees Fahr.). Man- 
ganese seems to be relatively ineffective with samples reduced 5 and 
20 per cent in thickness. In raising the softening temperature by 
80 to 100 degrees Fahr. silicon is only mildly effective, particularly 
with the lower percentages of reduction. Cobalt and nickel do not 
have any marked effect on raising the temperature of softening with 
any of the various percentages reductions. 


Fig. 18 is included here to portray graphically the behavior of 


Table VII 
Softening Temperatures of Commercially Pure Iron and of the Various Binary Alloys 
After Cold Reduction by Rolling 5, 20, 40, 75 and 90 Per Cent in Thickness 











ee 








—__————-Reduction in Thickness, Per Cent—- —-—-- 
Alloy Per 5 20 75 90 
Cent —_—___——_——_————_Softening Temperature, °F.——————_—————_ 
None Cieig 870 1070 900 880 830 
0.57 960 980 940 890 860 
Nickel 1.15 860 960 880 900 860 
4.83 940 860 900 910 860 
0.45 1100 1140 1200 1010 940 
Chromium 0.99 1050 1200 1180 1100 980 
4.83 1120 1300 1240 1120 1100 
{ 0.69 1000 1040 1060 1080 1000 
Manganese 1.33 1100 1100 1120 1100 1040 
0.52 800 980 880 880 860 
Cobalt 1.00 800 920 940 900 890 
5.08 800 1050 1000 1040 960 
{ 0.22 900 900 900 920 900 
Silicon 0.59 980 1020 1060 940 900 
1.21 760 930 980 960 940 
0.11 820 1020 1120 1100 1100 
Molybdenum 0.54 1020 1140 1240 1220 1180 
1 


.50 1280 1300 1290 1240 1220 





the different elements investigated. This presentation is for approxi- 
mately 0.5 weight per cent of added element and shows the relative 
potency of each element in affecting the softening temperature of 
cold-rolled iron for each reduction percentage used. It is interest- 
ing to note for 20 per cent reduction that many of the elements low- 
ered the softening temperature slightly and even chromium and 
molybdenum were only mildly effective in raising this temperature. 

In the majority of the added elements the lowest weight per cent 
added caused the greatest increase in softening temperature. Increas- 
ing the amount beyond this had little further effect. 

The results are in general agreement with those reported by 
Tammann (refer to Table I). The mechanism by which these ele- 


ments affect the softening temperature is not clear. It is interesting 
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to note from the results of this work and further unpublished re- 
search on this subject, as well as from Tammann’s work, that ele- 
ments with the same crystal structure at room temperature as iron 
seem to be the ones effective in raising the softening temperature— 
molybdenum, chromium, vanadium, and tungsten are all effective. 
Manganese, with a complex cubic structure, is also effective. There 
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Fig. 18—Relative Effects of 0.5 Per Cent (Approx.) of 
the Various Elements in Solid Solution in Iron on Raising 
the, Softening Temperature After Cold Rolling 5, 20, 40, 75 
and 90 Per Cent Reduction in Thickness. Softening Tempera- 
ture Has Been Defined as That Temperature of Annealing 
for a Period of 1 Hour at Which the Hardness of the 


Alley Lies Midway Between That of the Rolled and Fully 
Annealed Alloy. 


is some evidence that this observation of crystallographic similarity 
holds true with nonferrous metals, e. g., nickel and silver raise the 
softening temperature of copper (18), (19) and silver raises the 
softening temperature of lead (20). 

The effects of the various elements on solid solution hardening 
do not seem to bear any direct relation to the effects of the same 
elements on softening temperature. An opinion (21) has been ex- 
pressed that elements causing marked solid solution hardening, prob- 
ably as a consequence of lattice distortion, might be expected to op- 
pose the removal of any additional lattice distortion such as that 
caused by cold work, for example. This does not agree with the 
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present findings. One may compare the behavior of chromium and 
molybdenum, and cobalt and nickel in this respect. Molybdenum 
and nickel have been shown to produce a considerable amount of 
hardening by solid solution in iron, quite probably by lattice distor- 
tion. Molybdenum raises the softening temperature markedly while 
nickel is ineffective. Chromium and cobalt do not produce much 
hardening as a consequence of their solid solubility in iron, but chro- 
mium is quite effective in raising the softening temperature. 

The bar graphs in Fig. 16 were included to show the rela- 
tive effects of the added elements on the rate of softening at 900 
degrees Fahr. The results on unalloyed iron at this temperature 
have been included to give a basis of comparison. In general the 
behavior was quite in line with what would be expected from a con- 
sideration of Figs. 13 to 15. The alloys containing molybdenum, 
manganese, or chromium were quite resistant to softening at this 
temperature for any per cent reduction, with molybdenum being 
most effective. The silicon and cobalt alloys showed some retarda- 
tion of softening with the higher percentages of reduction, but the 
elements were ineffective with lesser percentages of reduction (5 and 
20 per cent). Nickel was ineffective in opposing softening with 
all reductions of thickness. 


CONCLUSIONS 


(A) Most of the binary alloys were similar to unalloyed iron 
in their strain hardening characteristics. However, some alloys did 
show deviations in such manner that with lower amounts of reduction, 
strain hardening of the alloys was not so rapid as in unalloyed iron. 
Certain inflections in the curves showing change of hardness with in- 
crease in reduction of thickness were eliminated by plotting deforma- 
tion as a logarithmic function of initial and final thicknesses. 

(B) Annealing studies were conducted on unalloyed iron reduced 
5, 20, 40, 75, and 90 per cent in thickness. It was found that soften- 
ing at the lower temperatures occurred as a consequence of recovery. 
Annealing at higher temperatures caused recrystallization with all de- 
grees of deformation excepting the 5 per cent reduction. The latter 
sample softened at all temperatures by recovery and exhibited marked 
grain growth at 1600 degrees Fahr. (870 degrees Cent.), possibly as 
a consequence of boundary migration without recrystallization. 

(C) The following points were noted from the instances in 
which recrystallization occurred: 
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(a) The temperature of beginning of recrystallization was 
lowered as the degree of deformation was increased. Thus, re- 
crystallization was initiated at 1000 degrees Fahr. (540 degrees 
Cent.) with samples reduced 20 per cent in thickness, while 
with samples reduced 90 per cent in thickness the tempera- 
ture was lowered to 800 degrees Fahr. 

(b) Grain size immediately after recrystallization was 
finer as degree of deformation was increased. 

(c) Growth of the grains developed by recrystallization 
was most pronounced with fine recrystallized grains. 

(D) The softening curves for the cold-worked binary alloys 
were quite similar in contour to those for unalloyed iron. However, 
the softening temperature, defined as the mid-point between the as- 
worked hardness and the fully annealed hardness, was raised by cer- 
tain of the alloying elements. Molybdenum was most potent in this 
respect raising this temperature by as much as 400 degrees Fahr. 
(205 degrees Cent.) in some instances. Chromium and manganese 
were also quite effective, while silicon was only mildly so. Cobalt 
and nickel had no effect in comparison with the unalloyed iron. It 
was noted that the softening temperature was raised most pro- 
nouncedly by the initial small addition of the alloying element and 
only slightly more so by larger additions. 

(E) The effect of time as a variable in the annealing process 
was studied at 900 degrees Fahr. (480 degrees Cent.), at which tem- 
perature softening occurred very definitely and yet was not too rapid 
to be followed conveniently. It was found with unalloyed iron that 
softening occurred by recovery in samples reduced 5 and 20 per 
cent and by practically complete recrystallization in samples reduced 
75 and 90 per cent. Recrystallization was only partially complete 
in the sample reduced 40 per cent and this sample did not soften to 
the same extent as the others. In all cases, hardness decreased rap- 
idly in the first hour and more slowly thereafter. 

(F) Similar studies were made at 900 degrees Fahr. (480 de- 
grees Cent.) with the binary alloys. Molybdenum, manganese, and 
chromium retarded softening at this temperature as compared to un- 
alloyed iron, with molybdenum being the most effective. Silicon and 
cobalt caused a moderate decrease in rapidity of softening with 
severely deformed samples, but exerted no effect with lower reduc- 
tions. Nickel was relatively ineffective in all instances. 
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DISCUSSION 


Written Discussion: By F. R. Morral, metallurgist, Metal Trades Lab- 
oratory, American Cyanamid Co., Stamford, Conn. 

The authors of this paper are to be congratulated because they have con- 
tinued their interesting work on pure binary iron alloys. This type of inves- 
tigation seems to be necessary to secure data to establish the correctness of 
“guesses,” based on the behavior of ordinary steels, which have been made in 
the past; and to further add to the knowledge of iron and its alloys. 

A curve has been drawn apparently rather arbitrarily through some points 
in Fig. 1. The authors claim that around 40 per cent reduction the curve tends 
to become parallel to the horizontal. In view of the data presented, this con- 
clusion can be disputed. The authors need data, say at 50 per cent reduction, to 
really establish the contour of the curve. One might expect some similarity with 
the curves shown in Fig. 12, page 464, which are nearly parallel. Only a few 
points in certain instances need checking. 

A point in Fig. 3 appears to be out of place, namely, for 20 per cent reduc- 
tion, annealed at 1000 degrees Fahr. Was this particular experiment repeated 
for check purposes? All other similar curves shown in Figs. 13 to 15 run 
nearly parallel. 

Some of the remarks on pages 475 to 477 as to the effect of the various alloy- 
ing elements on the softening temperature are too general and therefore mis- 
leading. For example, according to the data presented in Table VII, in the 
case of 0.11 per cent weight of molybdenum, a lowering of the softening tem- 
perature was found. Also, silicon with 20 per cent reduction at all compositions 
showed a lowering. 

In Table A a comparison is made using the published data on the increase 
of the softening temperature by alloying elements after 90 per cent reduction 
by cold roiling. The degree of agreement between Tammann’s work and the 
present is good in certain cases and not so good in others. 


Table A 
increase in Softening Temperature (in Degrees Fahr.) with Various Percentages 
of Alloying Elements 








Alloying 
Element Distance* Co-or- 
Per Cent Tammann’s of Closest dina- 
Atomic c-—— Austin’s Data——,,_ -Data (p. 449 Crystal Approach tion 
(Approx.) 0.5 1.0 2 4.0 1 2 4 Structure 


Iron mks ak cg ak ret <e sui b.c.c. 2.4777 
Aluminum vis ia ics wa Pate ea : f.c.c. 2.8577 
Nickel 30°F. 30 30 30 ion ae f.c.c. 2.4868 
Cobalt d 60 95 130 ei suai h.c.p. 2.499 

Silicon 100 155 res eer ) se diamond 2.3457 
Chromium 150 230 ea ta ars § b.c.c. 2.4929 
Manganese 3s 185 240 rah, dee acl f.c.tetr. 2.582 

Vanadium ae eare ean oF ae Kis b.c.c. 2.6274 
Molybdenum 350 380 405 sitet pata Jia b.c.c. 2.7196 
Tungsten rain alba sea ve Se b.c.c. 2.7354 


*Barrett, Structure of Metals, 1942, p. 552-4. 


It appears from those data that crystal structure, as pointed out by the 
authors, is not the only factor to be considered to explain the raise in the 
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softening temperature. Closest approach of atoms (or atomic radii) may be 
more effective. The elements are listed in the table in the order of increasing 
the softening temperature of iron. The distance of closest approach of the atoms 
in A of the effective b.c.c. elements show a definite trend. It may also be noted 
that the elements that have not affected the softening temperature have a crystal 
structure with a co-ordination number of 12, while those which have affected the 
softening, irrespective of crystal structure, have co-ordination numbers of 8 and 
4, respectively, with the exception of cobalt. 

All work seeking fundamental metallurgical information as done so notably 
by the authors should be encouraged. 

Written Discussion: By G. M. Butler, associate director of research, 
Allegheny Ludlum Steel Corp., Dunkirk, N. Y. 

The results presented in this very interesting paper substantiate and aug- 
ment those obtained in a somewhat similar study cited as reference No. 3. In 
this earlier work, the recovery and recrystallization characteristics of some 
binary alloys of iron with nickel, chromium, and molybdenum were compared 
with those of “Wemco” iron. The alloys were melted under vacuum obtainable 
from a Megavac pump and cold-drawn into wires 0.04-inch round from a series 
of initial sizes to give varying degrees of cold reduction. After treating pieces 
of the wires at various temperatures, their hardness, tensile strength, and elec- 
trical resistance were measured and compared with microstructural changes. 

Softening temperatures representing inflection points on the hardness-tem- 
perature curve, comparable to data in the authors’ Table VII, were as follows: 


Softening Temperature, Degrees Fahr. 


40 Per Cent 98 Per Cent 

Reduction Reduction 

Alloy Per Cent in Section in Section 
None one 1000 915 
Nickel 0.24 1000 970 
2.07 1020 970 

Chromium 0.10 1040 97 

1.72 1110 1920 
Molybdenum 0.27 1190 1060 
1.82 1360 1240 


Other percentage reductions and intermediate analyses were studied, but 
the trend of these is clearly shown in the present paper. 

Incipient recrystallization appeared under the microscope in “Wemco” iron 
at temperatures as low as 790 degrees Fahr. (420 degrees Cent.) when cold- 
drawn 98 per cent; at 840 degrees Fahr. (450 degrees Cent.) after 90 per cent 
reduction; and 930 degrees Fahr. (500 degrees Cent.) after 77 per cent reduction. 
In all the chromium and nickel alloys, with up to 2 per cent of alloy, wires cold- 
drawn to 98 per cent reduction in area all seemed to show new grains at about 
850 degrees Fahr. (455 degrees Cent.). In the similar wires of the molybde- 
num alloys, however, this appearance of recrystallization was elevated from 
1000 degrees Fahr. (540 degrees Cent.) in the 0.25 per cent molybdenum wire 
to 1110 degrees Fahr. in the 2 per cent molybdenum wire. 

Lesser degrees of cold work were more helpful in differentiating between 
the recrystallization tendencies of the various alloys. The greatest differences 
appeared when the reduction of area by drawing was about 30 to 40 per cent. 
At this degree of reduction, recrystallization first appeared at 1020 degrees 
Fahr. (550 degrees Cent.) with 0.10 per cent chromium, 1110 degrees Fahr. 
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(600 degrees Cent.) with 1.7 per cent chromium, 1000 degrees Fahr. (540 de- 
grees Cent.) with 0.25 per cent nickel, 1040 degrees Fahr. (560 degrees Cent.) 
with 2 per cent nickel, 1200 degrees Fahr. (650 degrees Cent.) with 0.25 per 
cent molybdenum, and 1390 degrees Fahr. (755 degrees Cent.) with 2 per cent 
molybdenum. 

Time-hardness studies made at 180-degree Fahr. intervals on wires cold- 
drawn to 98 per cent reduction in area showed only a slight softening at 750 
degrees Fahr. (400 degrees Cent.) in any of the wires in the first few min- 
utes, with no subsequent decrease in periods up to 2 hours. 

At 930 degrees Fahr. (500 degrees Cent.) the “Wemco” iron softened 
quite rapidly at first but reached a constant value after about 45 minutes. The 
nickel and chromium alloys softened at this temperature more gradually and 
over a longer period. At the end of 2 hours, all the nickel alloys had com- 
pletely softened, while the 0.10 per cent chromium alloy had still a little far- 
ther to go and the 1.7 per cent chromium alloy had only dropped half-way 
down to its minimum softness. The molybdenum alloys showed no softening 
at this temperature in times up to 4 hours. 

At 1110 degrees Fahr. (600 degrees Cent.), all the alloys except 2 per 
cent molybdenum softened completely in 10 minutes. The 2 per cent molyb- 
denum wire had not started to soften in 2 hours. No compositions between 
0.25 per cent and 2 per cent molybdenum were studied in this series. 

Tensile tests, including stress-strain curves, were made on many of the 
wires after treating at various temperatures. Generally the yield points and 
breaking loads fell off with increasing temperature in very nearly the same 
manner as the hardness values. Stress-strain curves on the as-drawn wires 
lacked any linear portion in the elastic range, but treating as low as 390 degrees 
Fahr. (200 degrees Cent.) was sufficient to restore linearity in the elastic range. 

Wires which had largely recrystallized showed much lower breaking loads 
and sharp yield points. It did not appear, however, that tensile tests were 
sufficiently sensitive to incipient recrystallization to be of value in studying the 
early stages of new crystal formation. 

Electrical resistance measurements were also used to determine changes 
in the various wires after treating at increasing temperatures. It became ap- 
parent that the resistance of the cold-drawn wires decreased materially at tem- 
peratures far below those at which the hardness values started to drop. Not 
the slightest evidence of the recrystallization range could be seen in the resist- 
ance curves. An unexpected increase in resistance of many of the wires after 
treating at 1475 degrees Fahr. (800 degrees Cent.) was found; but this may 
have been due to some kind of contamination during treating. 

Resistance, like hardness and strength, increased at first rapidly in the 
intermediate ranges of working, then again accelerated as the most drastic de- 
grees of working were approached. The shape of the curves in Fig. 12 of the 
present paper is entirely representative of those for all the properties studied in 
the work cited. The flat spot shown by the present authors on the curve for 
pure iron was noted, but to a lesser degree. 

In agreement with the present authors, it was observed that grain size 
after recrystallization was greatest in the wires with least amount of cold work- 
ing. For example, after annealing at 1475 degrees Fahr. (800 degrees Cent.), 
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grain up to 1/5 of the cross section of the wire appeared in wires of all the 
alloys which had been cold drawn to only 2 per cent reduction in area. As the 
degree of drawing increased, the resulting grain size became finer. 

| The authors of the present paper have made such an excellent and thorough 
study of the effects of several alloying elements on recrystallization and hard- 


ness change that there seems to be no need for further research in the field 
they have covered. 


Authors’ Reply 


The authors wish to thank Dr. Morral and Dr. Butler for their discus- 
sions. Replying first to the former, it is agreed that more data in the neigh- 
borhood of the intermediate reductions would help to fix more certainly the 
contour of the curve in Fig. 1. However, the evidence appears definite that 
the curve tends to become parallel to the horizontal between 40 and 75 per cent 
reduction before exhibiting a sharp inflection upward to 90 per cent. The im- 
portant feature to which we wished to call attention was that the latter inflec- 
tion disappeared when reduction was plotted on a logarithmic scale. Again in 
Fig. 3 it would probably have been better to average this curve for 20 per cent 
reduction between the points plotted for 900 and 1000 degrees Fahr. Some 
remarks with respect to the behavior of the various elements in affecting soft- 
ening temperature may appear to be general, but the authors’ intention was to 
portray a more or less general picture. It was felt at the present stage of the 
investigation that a specific, detailed treatment is not particularly desirable. 

No specific reply is needed in respect to Dr. Butler’s remarks. The agree- 


ment between his quoted results and the data presented in this paper is ex- 
tremely gratifying to the authors. 








FACTORS CONTROLLING GRAPHITIZATION OF CARBON 
STEELS AT SUBCRITICAL TEMPERATURES 


By CHARLES R. AUSTIN AND M. C. FETZER 


Abstract 


Previous researches in this series of papers had dem- 
onstrated the effects on graphitization of certain factors 
such as method of manufacture, chemical composition, 
martensitization prior to annealing, and internal oxida- 
tion of the steels. The present investigation throws more 
light on the effects of both mechanical treatment and of 
thermal treatment above the critical, prior to subcritical 
graphitization, and develops the role of environment on 
the progress of graphite formation. 

The importance of martensitization in rendering the 
carbides unstable has been confirmed and the concept of 
increased solubility of a phase promoting graphitization 
appears to have received further direct support. 

It has been shown that while compressive stresses 
have little effect, tensile stresses may profoundly increase 
carbide instability as revealed by subsequent tempering. 

The role of subcritical graphite nucleation has also 
received attention. Thus it has been shown that while 
pretempering at 715 degrees Cent. (1320 degrees Fahr.) 
promotes carbide stability, an initial nucleating treatment 
at 670 degrees Cent. (1240 degrees Fahr.) may be fol- 
lowed by continued carbide dissociation on raising the 
temperature to 715 degrees Cent. (1320 degrees Fahr.). 

The role of atmosphere has also recetved experi- 
mental consideration and it is clear that while the pres- 
ence of oxygen tn the environment used in tempering pro- 
motes graphitization, the increased susceptibility is de- 
pendent on prior austenitization followed by rapid cooling. 
Indeed the furnace atmosphere during austenitization has 
also been shown to play a part as demonstrated by pe- 
ripheral rim effects on subsequent subcritical treatments. 

The results appear to lend strong support to the sug- 
gested role of aluminum (calcium and silicon) oxide in 
promoting subcritical graphitization, when present in suit- 
able form and suitable degree of dispersion. 

A paper presented before the Twenty-sixth Annual Convention of the So- 
ciety held in Cleveland, October 16 to 20, 1944. Of the authors, Charles R. 
Austin is professor of metallurgy, The Pennsylvania State College, State Col- 


lege, Pa., and M. C. Fetzer is research metallurgist, Carpenter Steel Company, 
Reading, Pa. Manuscript received June 15, 1944. 
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INTRODUCTION 


REVIOUS publications (1-6)! have shown that the factors in- 

fluencing the graphitization of both pure hypereutectoid steels 
and commercial plain carbon steels are dependent on whether the re- 
action proceeds at temperatures above or below the critical (A,). This 
investigation relates to a more comprehensive study of the factors 
controlling graphitization of eighteen 1 per cent plain carbon steels 
at subcritical temperatures. Previous discussions pertaining to the 
subcritical graphitization of the commercial steels permit the follow- 
ing statements : 


1. Rate of dissociation of cementite is a maximum at 
about 670 degrees Cent. (1240 degrees Fahr.) in steels which 
are prone to graphitization. 

2. The reaction rate is a maximum when the steel has 
been quenched previously in order to produce martensite. 

3. Commercial carbon steels appear to exhibit marked 
differences in tendency to graphitization although the variation 
in chemical analysis may be quite small and well within the 
usual commercial limitations. The reason for the difference in 
behavior appears to be dependent on the mode of deoxidation. 
This factor relates particularly to deoxidation with metallic 
aluminum and to the stage in the steel making practice at which 
the aluminum is added. With the steel in a suitably partially 
deoxidized state, the addition of aluminum in the mold is most 
likely to promote what may be termed “temper graphite.” The 
instability of the carbides has been ascribed to the presence of 
alumina in a certain physical state. 

4. Some otherwise stable steels can be made to graphitize 
by internal oxidation. Thus tempering in an oxidizing bath 
presumably oxidizes certain metallic components of the steel, 
such as aluminum and silicon, to form nucleating oxides. This 
oxidizing atmosphere also accelerates the graphitization of 
otherwise unstable steels. 

5. The particles of graphite are strung out in the direction 
of rolling and thus give rise to a banded structure. This band- 
ing is obliterated or masked when subcritical annealing is car- 
ried out under an oxidizing environment owing to the random 
location of nucleating particles produced by internal oxidation. 


1The figures appearing in parentheses refer to the bibliography appended to this paper. 
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PRESENT INVESTIGATION 


The purpose of the present investigation was to throw more 
light on the effects of both mechanical treatment, and of thermal 
treatment above the critical, prior to subcritical graphitization, and 
to study further the role of environment (atmospheric conditions) 
on the progress of graphite formation. 

It has already been demonstrated that prequenching to mar- 
tensite may accelerate the reaction causing graphitization, but it is 
not yet clear why such pretreatment renders the cementite more 
prone to dissociation. Factors which may be cited relate to the 
fineness of the carbide dispersion which results on tempering mar- 
tensite, to the presence of internal cracks or strain within the steel, 
or to some solution effect dependent on retention by quenching of a 
constituent in the austenite followed by precipitation, on subcritical 
annealing, in a form favorable for graphite nucleation. Further- 
more, the role of this latter factor, since internal oxidation during 
prolonged tempering may promote graphitization, could be either 
major or minor, depending on whether the steels prior to dispatch 
for service conditions had been cast and fabricated under conditions 
favorable or unfavorable to the formation of this constituent. 


MATERIALS 


Eighteen plain carbon steels of about 1 per cent carbon and 
containing similar amounts of each of the other common elements 
usually found as impurities were obtained in the form of 3-inch 
diameter bar stock from various manufacturers. The method of 
manufacture and chemical analysis are given in Table I. 

The steels have been designated by the letters H to Z and 
previous work has shown (5) that ten steels, listed H to R, inclusive, 
were resistant to carbide dissociation when tempered in covered lead 
(nonoxidizing conditions) at 670 degrees Cent. (1240 degrees 
Fahr.), whereas the group S to Z, inclusive, graphitized to varying 
degrees. With the exception of steels I and R, even the so-called 
stable steels exhibited some graphitization on prolonged tempering 
under oxidizing conditions in uncovered lead. 
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GRAPHITIZATION OF CARBON STEELS 


EFFECT oF Prion HEAT TREATMENT 
ABOVE THE CRITICAL ON REACTION TO GRAPHITIZATION 


In an effort to determine more precisely the role of microstruc- 
tural condition obtaining in the steels, prior to a graphitizing treat- 
ment at 670 degrees Cent. (1240 degrees Fahr.) in covered lead, 
samples of most of the commercial steels were first treated in the 
manner indicated in Table II. It will be noted that these tabulated 








Table II 
Indicating the Various Heat Treatments Given the Steels Prior to the 
Subcritical Graphitizing Treatment at 670 Degrees Cent. 


Heat Treatment Prior to Tempering————---—-__ Time of 
Annealing Time Held Heating Stress Relief Tempering 
Nature of Treatment Temp. °C. At Temp. Medium Temp. °C. At 670°C. 
As-received . : A ‘ 1000 1 hour Charcoal None 600 hours 
Furnace-cooled 
2°C. per minute ‘ i 1 hour Charcoal 600 hours 
Normalized . ‘ . . 1 hour Charcoal 600 hours 
Water-Quenched . 1 hour Charcoal 
10 min. Air ¥%, 1, 5, 25, 
24 hr. Charcoal 125, 272, 
24 hr. Charcoal and 600 
10 min. Air hours 
Oil Quench . ; ;. P 1 hour Charcoal 125 hours 
15 min. Charcoal 125 hours 
Water Quench 4 . ‘ 15 min. Air 125 hours 
125 hours 
125 hours 


Repeated Water Quench . 15 min. Charcoal 125 hours 


data include as great a variety of prior treatments as practicable, 
ranging from the very slow furnace cooling from above the critical 
to water quenching after a variety of supercritical treatments. The 
“as-received” condition was, of course, dependent on the final opera- 
tion given by the manufacturer. Hardness data, checked by micro- 
scopic examination, showed that all steels except M, S, T, U, V, and 
W were in the spheroidized condition. Those listed as exceptions 
were pearlitic. 

In order to prevent scaling and serious decarburization, the prior 
heating was usually conducted under a protective layer of charcoal. 
However, the heating medium used is stated in the table along with 
the time of tempering at 670 degrees Cent. (1240 degrees Fahr.). 

The effects of these various treatments on the response to soften- 
ing on tempering at 670 degrees Cent. (1240 degrees Fahr.) have 
been shown in Table III. The difference in Rockwell “B” hardness 
values listed in the columns “before” and “after” tempering may be 
indicative of two reactions—spheroidization and softening dependent 
on graphitization. No hardness values were necessary as indicative 
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of the hardness of the specimens after water or oil quenching since 
they were essentially martensitic. 

With the prior structure in the “as-received” condition, steels 
T, V, W, Y, and Z exhibited marked tendency toward graphitization 
as indicated by change in hardness as a result of tempering 600 hours 
at 670 degrees Cent. (1240 degrees Fahr.). Steels T, V, and W 
were received in a fine pearlitic condition while steels Y and Z had 
been spheroidized by the manufacturer. Microscopic examination 
revealed slight graphitization in the pearlitic steels S and U and in 
the spheroidized steel X. 

In order to promote a coarse pearlitic structure in all samples, 
the steels were placed in a pot, packed with charcoal, and cooled 
from 1000 degrees Cent. (1830 degrees Fahr.) at a rate of about 
2 degrees Cent. per minute in the range 800 down to 650 degrees 
Cent. (1470 to 1200 degrees Fahr.). It was interesting to note 
that series S to Z, which previous tests had shown to be graphitizers, 
were slightly softer after furnace cooling than the stable series of 
steels (H to R). The hardness data obtained after 600 hours at 
670 degrees Cent. (1240 degrees Fahr.) (Table III) showed clearly 
that only steels W, Y, and Z profoundly graphitized. Microscopic 
examination showed some carbide dissociation in steels S, T, Y, and 
X but steel U now appeared to be resistant to graphite formation at 
670 degrees Cent. (1240 degrees Fahr.). 

In general then, slow furnace cooling resulting in pearlite ren- 
dered the steels more stable on tempering at 670 degrees Cent. (1240 
degrees Fahr.). However, steels Y and Z softened slightly more 
from a prior pearlitic structure resulting from furnace cooling, than 
from a commercial spheroidizing treatment. It is, of course, possible 
that residual cold work developed in the “hot-worked” steels may 
have had some effect on the greater tendency toward graphitization 
(steels T, V, and W) in some of the “as-received’’ pearlitic steels 
as compared with the pearlitic structure developed from slow furnace 
cooling. 

To promote a fine pearlitic structure the samples were heated 
in a pot containing charcoal and air-cooled (normalized) after 1 hour 
at 1000 degrees Cent. (1830 degrees Fahr.). The hardness data 
obtained after 600 hours at 670 degrees Cent. (1240 degrees Fahr.) 
are perhaps surprising since only one steel (Y) showed marked 
graphitization, as indicated by a large decrease in hardness. Even 
with the microscopic examination only one other steel (Z) showed 
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any evidence of carbide dissociation. Evidently, normalizing had a 
more stabilizing effect on the carbides than slow furnace cooling of 
the steels. 

The effect of prior quenching on acceleration of the process of 
graphitization has been established in earlier cited publications. From 
Table II it will have been noted that studies are here included to 
permit an analysis of any effect on graphitization dependent on vary- 


torn c 
BAT LAD 


Fig. 1—Section of Steel H Showing Complete Resistance to 
Graphitization After Quenching from 1 Hour at 1000 Degrees 
Cent. (1830 Degrees Fahr.) Followed by Tempering at 670 De- 
grees Cent. (1240 Degrees Fahr.) for 125 Hours in Covered Lead. 
Etched in Picral. x 1000. 





ing the austenitizing temperature and on time at temperature, prior 
to quenching for development of the martensitic structure. Immedi- 
ately after quenching, the samples were stress relieved at 200 degrees 
Cent. (390 degrees Fahr.) and then tempered in covered lead at 670 
degrees Cent. (1240 degrees Fahr.) for intervals of ™%, 1, 5, 25, 
125, 272, or 600 hours. Hardness determinations were made on the 
transverse sections of the bar and the data obtained after 600 hours’ 
treatment are recorded in Table III. 

All quenched samples were examined under the microscope. 
After 1 hour at 1000 degrees Cent. (1830 degrees Fahr.) complete 
solution of carbides had been effected with a resulting coarse aus- 
tenitic grain size. After 10 minutes at 850 degrees Cent. (1560 
degrees Fahr.), most of the steels showed some evidence of incom- 
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Fig. 2—Showing the Effect of Tempering for 600 Hours at 670 
Degrees Cent. (1240 Degrees Fahr.) in Covered Lead After Four 
Different Austenitizing Treatments Followed by Water Quenching. The 
shaded portions on the hardness-time graphs indicated the limited spread 
in the ten stable steels which resist graphitization. The behavior of each 
of the eight unstable steels is shown by an individual plot. 


plete carbide solution, and those with the slightly higher carbon con- 
tent had a few cementite spheroids, even after 24 hours’ holding at 
temperature. With a 24-hour treatment at 800 degrees Cent. (1470 
degrees Fahr.), excess cementite in a martensitic matrix was ob- 
served in all the steels. The 10-minute treatment at 750 degrees 
Cent. (1380 degrees Fahr.) was selected as the austenitizing treat- 
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Fig. 3—Semi-Logarithmic Plot of the Average Hardness Values, Obtained from 
the Five Water Quenching Treatments Listed in Table II, at Successive Time Inter- 
vals, for Each of the Eight Unstable Steels. 


ment likely to produce a martensite with minimum internal stress. 

Steels H to R inclusive all appeared to resist graphitization irre- 
spective of which of the five austenitizing treatments had been used. 
The stability of the cementite was confirmed in each instance by 
metallographic examination. A typical spheroidized structure is 
illustrated in Fig. 1, which shows the graphite-free microstructure 
of steel H after quenching from 1000 degrees Cent. (1830 degrees 
Fahr.) and tempering for 600 hours at 670 degrees Cent. (1240 de- 
grees Fahr.). <A semi-logarithmic plot showing the gradual but 
limited softening of these steels as a function of time is given in 
Fig. 2 for four of the five austenitizing treatments. There appears 
to be a slight decrease in ultimate hardness after 600 hours as the 
quenching temperature is lowered from 1000 to 800 degrees Cent. 
(1830 to 1470 degrees Fahr.). However, the linear relation between 
hardness and log tempering time of these 10 stable steels confirms 
the behavior at subcritical temperature established by one of the 
present authors some years ago. 

The behavior of the eight unstable steels (S to Z, inclusive) as 
represented by the end hardness values (after 600 hours) is reported 
in Table III, and the relation of hardness to time at tempering tem- 
perature is shown in Fig. 2. The general order of susceptibility of 
graphitization of these steels does not appear to be markedly affected 
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Fig. 4—-Sections from Steel Z Showing Progress of Graphitization as a Function 
of Time up to 125 Hours on Tempering in Covered Lead at 670 Degrees Cent. (1240 
Degrees Fahr.) After Quenching in Water from 1 Hour Austenitizing at 1000 Degrees 
Cent. (1830 Degrees Fahr.). Etched in Picral. x 1000 
Time of Tempering..... A. % hour. B. 1 hour. C. 5 hours. 
D. 25 hours. E. 125 hours. 


by prior austenitizing conditions. Steel U maintains the slowest 
rate of graphitization while steel Z is usually the one most prone to 
initiation of graphitization after only a few hours at 670 degrees 











496 TRANSACTIONS OF THE A. S. M. Vol. 35 


Cent. (1240 degrees Fahr.) and to complete graphitization after 
about 250 hours at temperature. 

In order to check any statistical tendency of variation in prior 
austenitizing treatment on cementite dissociation, the average hard- 
ness values at successive time intervals of the eight graphitizing steels 
for each of the five quenching treatments have been plotted in Fig. 3. 


Rockwell ‘B’ Hardness 





800 900 1000 
Quenching Temp. ©. 


Fig. 5—Illustrating Progressive 
Effect of Increased Austenitizing 
Temperature Prior to Water 
Quenching on the Degree of Graph- 
itization, as Indicated by Change 
in Hardness, After Tempering 600 
Hours at 670 Degrees Cent. (1240 
Degrees Fahr.). 


The general reaction of these steels indicates that the higher the 
soaking temperature prior to quenching, the more prone are the 
steels to carbide dissociation. Time at austenitizing temperature 
appears to be relatively unimportant. 

The progress of graphitization as revealed by the etched micro- 
structure as a function of time after quenching from 1000 degrees 
Cent. (1830 degrees Fahr.) and annealing in covered lead at 670 de- 
grees Cent. (1240 degrees Fahr.) is typified by the behavior of 
steel Z illustrated at 1000 diameters in Fig. 4. 

Using the final hardness values for the various steels after 
tempering for 600 hours at 670 degrees Cent. (1240 degrees Fahr.) 
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Fig. 6—Macrosections Taken from Steel Y Showing the Ef. 
fect, on Distribution and Size of Graphite Particles, of Different 
Rates of Cooling. Following Austenitizing for 1 Hour at 1000 De- 
grees Cent. (1830 Degrees Fahr.) Prior to Tempering for 600 Hours 
at a ss Cent. (1240 Degrees Fahr.) in Covered Lead. Un- 
etched. X 


A. Water-quenched. B. Air-cooled (normalized). 
C. Furnace-cooled. D. As-received. 


as an index of resistance to carbide dissociation, the importance of 
austenitizing temperature is well brought out in Fig. 5. Naturally, 
this progressive effect of increase in austenitizing temperature on sub- 
sequent subcritical graphitization is best revealed in the more stable 
of the so-called unstable steels, such as U, T, and V. The carbides 
in steel Z are so unstable that complete softening is effected in 600 
hours at 670 degrees Cent. (1240 degrees Fahr.), even after aus- 
tenitizing 10 minutes at 750 degrees Cent. (1380 degrees Fahr.). 
In reviewing the reason for increased rate and degree of graph- 
itization as a function of increase in austenitizing temperature from 
just above the Ac, to a temperature exceeding the A.m, the following 
factors may need consideration: The higher the quenching tempera- 
ture: 
(a) The higher the carbon content of the martensite. 
(b) The less the amount of free cementite. 
(c) The probable decrease in any residual graphite nuclei 
which may have been present from previous treatments. 
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(d) The greater the homogenization of the austenite with 
tendency for increase in austenitic grain size. 

(e) The great-r the internal stress with concomitant 
tendency for the formation of microcracks, as a result of 
quenching. 

(f{) The probably increased solution concentration of 
undefined elements or compounds which may promote carbide 
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Fig. 7—Macrosections Taken from Steel Y Showing Effect, on 
Distribution and Size of Graphite Particles, of Different Austenitiz- 
ing Treatments Followed by Water Quenching, Prior to Tempering 
for 125 Hours at 670 Degrees Cent. (1240 Degrees Fahr.) in 
Covered Lead. Unetched. X 7. 

A. 1 hour at 1000 Degrees Cent. B. 10 min. at 850 Degrees Cent. 
C. 24 hours at 850 Degrees Cent. D. 24 hours at 800 Degrees Cent. 
E. 10 min. at 750 Degrees Cent. 


instability on subsequent precipitation in association with the 
cementite. 


It is clear from the results depicted in Figs. 3 and 5 that a fine 
carbide dispersion, present in all quenched samples, is not the only 
factor increasing the rate of graphitization. Indeed, in certain in- 
stances, it might be deduced that degree of dispersion of the carbide 








GRAPHITIZATION OF CARBON STEELS 


ERR 


. 
> 
* eee 
. 
- 


‘.¢ 
ohare 
oe 


, 
. 


. 
a 
“s" 


is 


fps Aeitosds ol 


; » ee 
: *€- o*% e 


im 


Fig. 8—Macrosections Taken from Each of the Eight Unstable 
Steels Showing the General Similarity, but Difference in Degree 
of Graphitization, After Water Quenching from 1 Hour at 1000 
Degrees Cent. (1830 Degrees Fahr.) Followed by Tempering for 
600 Hours in Covered Lead. Unetched.  X 7. 


is unimportant. Thus steels T and W appear to be as completely 
graphitized after 600 hours at 670 degrees Cent. (1240 degrees 
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Fahr.), whether tempered in the “as-received” spheroidized condition 
or after martensitization by water quenching (Table II). However, 
the rate of graphitization may have been different for the two differ- 
ent prestructural states. Of the factors listed above, it would appear 
that increased strain associated with incipient microcracking and 
increased solubility of some substance promoting graphitization, both 
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SY Stable Steels 2x 
mee Grapiilizers 
O 125 600 O 125 600 O 125 600 O 125 600 
Time in Hours at 670°C: 
Fig. 9—Illustrating the Reaction of the Stable and Unstable Groups of Steels to 


Tempering up to 600 Hours at 670 Degrees Cent. (1240 Degrees Fahr.) in Covered 
Lead in the *‘As-Received,’”’ Normalized, Furnace-Cooled, and Water-Quenched Condition. 


dependent on higher quenching temperature, may account for the 
observed change in carbide instability. 

Attention should also be directed to graphite size and distribu- 
tion dependent on the prior austenitizing treatment. The effect of 
cooling steel Y, a fairly strong graphitizer under the various condi- 
tions previously outlined, from 1000 degrees Cent. (1830 degrees 
Fahr.) at varying rates from water quench to furnace cool, is com- 
pared with the reaction of the “as-received” spheroidized condition 
to tempering for 600 hours at 670 degrees Cent. (1240 degrees 
Fahr.) in Fig. 6. These macrostructures at 7 diameters indicate 
maximum graphite nucleation in the water-quenched sample but 
there is no regular decrease in nucleation as the rate of cocling is 
progressively decreased. The reason for the irregularity in the 
hardness data taken on the sample which was air-cooled prior to 
tempering is clearly indicated. The directional distribution of the 
graphite, presumably associated with segregation, may also be noted. 
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The large dark area shown in Fig. 6A represents the appearance of 
a quenching crack. 

In Fig. 7 the macrostructures indicate the nucleation character- 
istic for steel Y as a function of quenching temperature. Prolific 
nucleation is noted as a result of quenching from temperatures vary- 
ing from 1000 to 800 degrees Cent. (1830 to 1470 degrees Fahr.). 
On quenching from 750 degrees Cent. (1380 degrees Fahr.) the 
graphite nodules resulting from tempering in covered lead for 125 
hours at 670 degrees Cent. (1240 degrees Fahr.) are large and 
relatively few in number. The absence of graphitization on the 
peripheral parts of the sample will be discussed later under a section 
on “rim effect.” 

The general similarity of behavior of all the graphitizing steels 
is illustrated in Fig. 8, showing the appearance of unetched macro- 
sections at 7 diameters of steels S, T, U, V, W, X, Y, and Z after 
tempering for 600 hours in covered lead at 670 degrees Cent. (1240 
degrees Fahr.), following a water quench from 1000 degrees Cent. 
(1830 degrees Fahr.). Quenching cracks are again evident in some 
of the samples. 

In an attempt to group the results obtained in this section of 
the paper on tempering both the stable and unstable steels at 670 
degrees Cent. (1240 degrees Fahr.) in covered lead after various 
prior microstructural conditions, hardness-tempering time graphs 
have been reproduced in Fig. 9. Since data for 125 and 600 hours’ 
tempering only were available for the “as-received,” normalized and 
furnace-cooled samples, these points alone were used in constructing 
all the graphs in this figure. 

The consistent resistance to graphitization of the so-called stable 
steels, no matter what the prior heat treatment, is at once evident. 
Among the graphitizers, the more unstable steels appear to graphitize 
readily after each of the four different pretreatments, but the ap- 
parent greater resistance to carbide dissociation of steel Z after 
normalizing is noteworthy. 


SUPPLEMENTARY PRETREATMENT STUDIES 


From the data already presented, it appears that prior quenching 
of a steel may play an important role in graphitization. Whether 
this tendency is dependent on induced stresses or on a solution effect 
with possible subsequent precipitation is not clear. In order to study 
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further the role of internal stress, the following tests were conducted : 


1. Oil quenching from 1000 degrees Cent. (1830 degrees 
Fahr.), followed by immediate tempering for 1 hour at 200 
degrees Cent. (390 degrees Fahr.). This treatment might be 
assumed to promote less microcracking dependent on reduced 
internal stress. 

2. Repeated water quenching from 1000 degrees Cent. 
(1830 degrees Fahr.), in order to observe if the probable in- 
crease in microcracking and internal strain would promote in- 
creased tendency toward graphitization. 

3. Straining of the steel by cold working, either under 
tensile stress or by cold rolling. 

4. Water quenching after 10 minutes at 850 degrees Cent. 
(1560 degrees Fahr.), followed by a pretempering at 715 de- 
grees Cent. (1320 degrees Fahr.) for 50 hours in covered lead. 
Previous studies had established the relative resistance to 
graphitization at temperatures just below the critical of steels 
prone to rapid graphite formation at lower temperatures. 

5. Water quenching the “as-received” steels after anneal- 
ing for 1 hour below the critical (715 degrees Cent.), in order 
to observe any ferritic solution effect. 


Brief comments will now be made on the effects of the above 


treatments on reaction to tempering for 125 hours at 670 degrees 
Cent. (1240 degrees Fahr.) in covered lead: 


1. All the unstable and three of the stable steels were oil- 
quenched from 1-hour anneal in charcoal at 1000 degrees Cent. 
(1830 degrees Fahr.), and then tempered 125 hours at 670 
degrees Cent. (1240 degrees Fahr.). The hardness data 
(Table III) indicate the general similarity between oil and 
water quenching. Four of the steels (see Table III) were 
also oil-quenched after austenitizing only 15 minutes at 850 de- 
grees Cent. (1560 degrees Fahr.). On tempering at 670 de- 
grees Cent. (1240 degrees Fahr.) even the unstable steels 
resisted graphitization. Metallographic examination showed 
the 850-degree Cent. (1560-degree Fahr.) oil-quenched steels 
to be pearlitic. Thus, graphitization of at least two of the 
unstable steels (S and U) is dependent on prior martensitiza- 
tion of the structure or on the large stresses induced thereby 
and cannot be affected by the presence of simple quenching 
stresses alone. 
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These results seem to indicate that both an increased solid 
solution effect dependent on high temperature of pretreatment 
as well as on the presence of martensite, concomitant with 
internal strain, are necessary for promoting carbide instability 
on subsequent subcritical annealing. 

2. For this study of the effect of repeated quenching and 
of low temperature pretempering on graphitization at 670 de- 




















Rockwell 'B" Hardness 
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water. Quenched and No. of Times Wwater- 
Tempered, °C. quenched from 850°C. 


Fig. 10—Showing That Repeated Quenching from an Aus- 
tenitizing Temperature of 850 Degrees Cent. (1560 Degrees Fahr.) 
Has Little Effect on Graphitization at 670 Degrees Cent. (1240 
Degrees Fahr.) for 125 Hours. Pretempering at 300 and 400 De- 
grees Cent. (570 and 750 Degrees Fahr.) appear$ to render the 
unstable steels slightly less susceptible to graphitization at 670 
Degrees Cent. (1240 Degrees Fahr.). 


grees Cent. (1240 degrees Fahr.) for 125 hours, two graph- 
itizers (S and U) and two stable steels (I and M) were se- 
lected. Separate samples were quenched 1, 2, 4, and 8 times 
after 15 minutes at 850 degrees Cent. (1560 degrees Fahr.). 
Other samples were quenched once and then pretempered at 
200, 300, or 400 degrees Cent. (390, 570, or 750 degrees Fahr.). 
The hardness values obtained after the 670-degree Cent. (1240- 
degree Fahr.) treatment in covered lead are shown in Fig. 10. 
Clearly, if repeated quenching results in any increase in internal 
strain or in the development of greater microcracking, these 
factors are not important in promoting graphitization. The 
increase in pretempering temperature prior to the graphitization 
appears to reduce cementite instability, particularly in steel U. 

3. The cold work studies of both pearlitic and spheroidized 
structures consisted of cold rolling up to 33 per cent reduction 
and loading to fracture tapered tensile specimens, 
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For the cold rolling tests two stable (K and M) and three un- 
stable steels (S, V, and Z) were machined flat on opposite sides of 
the 3-inch round to 0.20 inch thick. Steels K and Z were in the 
“as-received” spheroidized state, whereas steels M, V, and S were 
pearlitic. Four successive passes through the flat rolls provided 3, 6, 


Table IV 
Hardness Values Obtained After Tempering in Covered Lead for 125 Hours at 670 
Degrees Cent. Subsequent to (a) Cold Rolling 33 Per Cent Reduction, and (b) Cold 
Deforming to Fracture in Tensile to About 30 Per Cent Reduction 


As-Received—————  ——————Furrnace-Cocoled 
Stressed in 
No deformation Cold-Rolled No deformation Tension to 
33% Reduction Fracture 
Steel ————————Rockwell “B” after tempering for 125 hours at 670°C. 

H 83 “t 94 

I 88 92 

J 83 %— 92 ae 
K 86 86 94 87 
83 x 94 i 
M 92 83 92 84 
N 82 os 92 

Oo 79 91 

P 81 92 

R 85 - 93 
S 92 87 93 80 
- 89 is 90 57 
U 91 es 91 85 
V 90 83 91 74 
WwW 86 i 92 74 
xX 84 oo 90 71 
Vy 82 at 77 66 
Z 78 60 86 51 





14, and 33 per cent reduction in thickness. All samples were an- 
nealed for 125 hours in covered lead at 670 degrees Cent. (1240 de- 
grees Fahr.). The process of softening by tempering may involve 
both spheroidization and graphitization. Correlation of hardness 
data with metallographic examination leads to the conclusion that the 
behavior of the stable steels was unaffected by the rolling stresses. 
The unstable steels showed some but only minor increase in graph- 
itization dependent on cold work. This is clear from Table IV. 
The studies on the effect of tensile strain prior to tempering 
were more informative. Two of the stable steels (K and M) and 
all eight of the graphitizing steels were heated above the critical and 
furnace-cooled. Tensile bars were then machined from the %-inch 
round stock with a tapered gage section 1% inches long varying in 
diameter from 0.27 inch to 0.32 inch. All bars were subject to 
tensile strain until fracture occurred at some recorded total stress. 
From this value it was possible to calculate the stress in pounds per 
square inch at different locations of the tapered gage section. After 
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tempering for 125 hours at 670 degrees Cent. (1240 degrees Fahr.) 
and suitably grinding flats on the test samples, a series of hardness 
values was obtained on the Vickers hardness tester. The relation 
between final Vickers pyramid hardness after tempering and the 
tensile stress before tempering for the ten steels can be conveniently 
grouped into three typical curves (Fig. 11). The behavior of the 


ol — Steels STV. * 
| Y ' “~< 


7, “A, 





Vickers Hardness 
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Tensile Strength, 1000 Lbs. per Ih? 

Fig. 11—Effect of Tensile Strain on 
the Pearlitic Structures of the Steels Prior 
to Graphitization Treatment at 670 Degrees 
Cent. (1240 Degrees Fahr.) for 125 Hours 
in Covered Lead. Curve I (Steel T) is 
typical of the behavior of steels S, T, V, W, 
X, and Y. Curve II (Steel M) is typical 
of steels M, K, and U, and curve III indi- 
ante the markedly different response of steel 


two stable steels (K and M) and one graphitizer (U) showed a 
gradual increase in hardness (to 195 VPN) up to a region in the 
tapered tensile bar approximating 93,000 pounds per square inch 
pretempering stress. Thereafter the hardness dropped markedly to 
165 VPN near the tensile fracture which resulted from 99,000 
pounds per square inch. The curve was drawn from data obtained 
with steel M but steels K and U react quite similarly. 
Metallographic examination showed complete absence ‘of any 
graphitization at any section. Three photomicrographs (Fig. 12) 
taken from steel M after the 125-hour tempering at 670 degrees 
Cent. (1240 degrees Fahr.) show progressive degrees of spheroidi- 
zation as the pretemper tensile stress was increased from 65,000 to 
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Fig. 12—Effect of Pretensile Strain of the Pearlitic Structures, on Subsequent 
Graphitization Treatment at 670 Degrees Cent. (1240 Degrees Fahr.) for 125 Hours 
in Covered Lead. 
12A, 12B, 12C. Steel M prestressed 65,000, 93,000 and 99,000 psi., respectively. 
12D, 12E. Steel Z prestressed 73,000 and 100,000 psi., respectively. Etched. X 1000. 


93,000 and finally to 99,000 pounds per square inch. The increase 
in hardness up to 93,000 pounds per square inch can be assumed to 
be dependent on residual strain in the steel. The sudden drop near 
the fracture can be associated with the absence of any pearlite, and 
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Fig. 13—Effect of Tensile Gradient on Steel Z 
on Subsequent Graphitization in Covered Lead at 
670 Degrees Cent. (1240 Degrees Fahr.) for 125 
Hours. Unetched. ea (Upper)- Fractured End. 
( Lower) Slightly Stressed End. 
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hence with the complete spheroidization of the pearlite resulting from 
the initial furnace cool from above the critical. 

The general behavior of six of the eight unstable steels is rep- 
resented by the plot for steel T. (Fig. 11). The lower stresses do 





Fig. 14—Effect of Prior Tensile Stress on Steel Z on Subsequent Graphitizing 
Treatment at 670 Degrees Cent. (1240 Degrees Fahr.) for 125 Hours in Covered Lead. 
14A, 14B, 14C, and 14D. Unetched microsections taken from regions which were pre- 
stressed 70,000, 80,000, 90,000 and 97,000 psi., respectively. x 100. 


not have any marked effect on subsequent softening but as the pre- 
straining treatment exceeded a stress of 85,000 to 90,000 pounds per 
square inch the effect of temper softening is profound. 

One of the steels, strongly graphitizing Z, reacted differently 
from any of the other alloys and the Vickers hardness-tensile rela- 
tion is shown by a separate curve in Fig. 11. From metallographic 
examination, it seems that the linear relation is associated with pro- 
gressive increase in quantity of graphite as the prestress was faised 
from about 65,000 to 100,000 pounds per square inch along the 
tapered sample. Two micrographs at 1000 diameters (Fig. 12) 
taken from locations stressed about 73,000 and 100,000 pounds per 
square inch (at fracture), respectively, clearly demonstrate the effect 
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of severe cold deformation on cementite dissociation in a pearlitic 
steel on prolonged holding at subcritical temperatures. Some idea 
of the effect of stress on graphitization of steel Z is portrayed in the 
macrosections (Fig. 13) taken from the lightly stressed (lower) and 
from the, fracture end (upper) of the tapered section. 

Microsections of the polished unetched tensile bar taken at 100 
diameters (Fig. 14) show clearly the increase in graphite nucleation 
and amount of graphitization with increase in tensile strain, on tem- 
pering for 125 hours at 670 degrees Cent. (1240 degrees Fahr.). 
The hardness data close to the fracture obtained on the various steels 
after tempering have been included in Table IV. 


80,000 |bs.per sq.in 


Fig. 15—Macrosection from the Complete Tapered Gage Section of Steel S Pre- 
stressed Over a Range 80,000 to 103,000 Psi. and Graphitized at 670 Degrees Cent. (1240 
Degrees Fahr.) for 125 Hours in Covered Lead. Initial structure pearlite. The VPN 
impressions and the graphite distribution may be noted. xX 7. 


It has been pointed out in previous researches that hardness 
data must be supplemented with metallography in order to avoid 
erroneous conclusions. Thus, with most of the unstable steels, 
microexamination was required to establish a satisfactory qualitative 
evaluation of the presence of graphite and of the effect of stress or 
strain upon its formation. This was true for example with steel S. 

Fig. 15 shows a macropicture at 7 diameters of a section of the 
complete gage length of specimen S. The progressive increase in 
graphitization with increasing stress is shown by the increase in num- 
ber of graphite particles. However, it may be noted that there is no 
marked change in the size of the Vickers pyramid impression, and 
hence on Vickers hardness number, until a region close to the frac- 
ture is approached. 
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The results demonstrate that cold working by prestraining in 
tension may have a marked influence on accelerating the rate of 
graphitization. Cold work by flat rolling is relatively ineffective. 

4. For the studies on the effect of pretempering at 715 de- 
grees Cent. (1320 degrees Fahr.) for 50 hours, after water 
quenching from 10 minutes at 850 degrees Cent. (1560 degrees 





Table V 


Effect of Pretempering 50 Hours at 715 Degrees Cent. on Subsequent Graphitizing An- 
neal at 670 Degrees Cent., with Respect to One Stable and Seven Unstable Steels. 
The austenitizing treatment consisted of heating for 10 minutes at 850 degrees Cent. 
followed by water quenching. Both the 715 and 670-degree Cent. tempering treatments 
were conducted in a lead bath protected from oxidation 








Annealed at 815 °C. for 10 minutes and Water-Quenched—_—— 
Rockwell “B’’ Hardness 





Steel -—— Tempered at 715°C. for 50 hr———— No pretemper 
No further treatment 125 hours at 670°C. 125 hours at 670°C. 

I 89 88 88 

S 91 90 77* 
T 89 81* 70* 
U &9 89 82* 
Vv 88* 86* 68* 
Ww 89* 82* 69* 
x 87* 86* 65* 
Z 83* 40* 38* 


*Microscope indicates some graphite 





Fahr.) prior to the regular treatment at 670 degrees Cent. 
(1240 degrees Fahr.) in covered lead for 125 hours, seven un- 
stable steels (S, T, U, V, W, X, and Z) and one stable steel 
(1) were chosen. Previously, published work on these com- 
mercial steels had demonstrated resistance to graphitization at 
715 degrees Cent.—just under the lower critical. 


Metallographic examination of specimens subject to this 715-de- 
gree Cent. (1320-degree Fahr.) treatment confirmed that steels 
V, W, and Z were very slightly graphitized; steel Z, the most un- 
stable, exhibiting possibly about 1 or 2 per cent cementite dissocia- 
tion. The extent of graphitization in steels V and W was so slight 
that at 900 diameters only one field in ten showed any graphite par- 
ticles. The stable steel, I, was free from graphitization and it ap- 
peared doubtful if any graphite had formed in steels S, T, U, and X. 

After a subsequent temper for 125 hours at 670 degrees Cent. 
(1240 degrees Fahr.), examination under the microscope showed that 
steels S and U and the stable steel I were essentially graphite free, 
but T, V, W, X, and Z all graphitized slightly to varying degrees. 
Of these unstable steels, all but Z showed carbide dissociation had 
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proceeded no further than about 5 per cent to total graphitization, 
whereas steel Z was almost completely graphitized. 

A general concept of the effect of the pretemper at 715 degrees 
Cent. (1320 degrees Fahr.), prior to tempering at 670 degrees Cent. 
(1240 degrees Fahr.), on this limited series of steels is shown by the 
change in hardness, from the values listed in Table V. The anneal 
at 715 degrees Cent. (1320 degrees Fahr.) causes little graphitiza- 


Table VI 
Indicating That Any Solution Effect Which May Result from Quenching of the Graphite 
Just Below the A, (715 Degrees Cent.) Compared with the Untreated ‘‘As-Received’’ 
Samples, Does Not Modify the Subsequent Graphitization Characteristics on Tempering 
for 125 Hours at 670 Degrees Cent. in Covered Lead 





Annealed at 715 °C. for 
As-Received 1 hour and 
Water-Quenched 
——Rockwell “‘B"’ after Tempering for 125 Hours at 670 °C.—— 
83 
89 
93 


H 
I 
J 
kK 
L 
M 
N 
O 
Pp 
R 


S<cHwn 


N<K 


tion in any of the steels, as previously reported, and has a decided 
effect in decreasing the rate of carbide dissociation on subsequent 
tempering at 670 degrees Cent. (1240 degrees Fahr.). Indeed, in 
the case of two of the so-called unstable steels, S and U, graphitiza- 
tion at 670 degrees Cent. (1240 degrees Fahr.) is practically in- 
hibited completely by the 715-degree Cent. (1320-degree Fahr.) 
preanneal. This behavior is comparable to that obtained on temper- 
ing the “as-received” spheroidized steels. 

Since it has already been demonstrated that the increase in par- 
ticle size of the spheroidal cementite, obtained by the treatment at 
715 degrees Cent. (1320 degrees Fahr.), is not responsible for any 
marked change in the rate of graphitization, it may be assumed then, 
that the pretreatment in some way modifies the nucleating effect of 
a foreign substance. This could relate to particle size or nature of 
any free alumina. 








‘ 
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5. In the study on any ferritic solution effect, samples of 
all the steels were quenched after annealing the “as-received” 
alloys for 1 hour at 715 degrees Cent. (1320 degrees Fahr.). 
The samples were then tempered for 125 hours in covered 
lead at 670 degrees Cent. (1240 degrees Fahr.). The hardness 


data were compared with those obtained after similar temper- 





. eee ss — LS 


Table VII 


Showing Effect of Graphite Nucleation for 5 and 25 Hours at 670 Degrees Cent. on Sub- 

sequent Graphitization on Tempering for 100 Hours at 715 Degrees Cent., as Indicated 

by Rockwell “‘B” Hardness Values. For comparison purposes a subsequent tempering 

treatment at 670 degrees Cent. was also included. All samples were water-quenched after 

1 hour at 1000 degrees Cent. and the ee conducted in a lead bath protected 
om ox on 


5-Hour Nucleation at 670°C. 











Steel No Further Followed by Followed by 
Treatment 100 hr. at 670°C. 100 hr. at 715°C. 
S 98 67 76 
T 96 67 81 
x 96 62 76 
Z 92 41 54 
———_—____——————-25-Hour Nucleation at 670°C.———_____—- 
Steel No Further Followed by Followed by 
Treatment 100 hr. at 670°C. 100 hr. at 715 °C. 
S 87 65 68 
T 88 65 70 
x 89 55 66 
Z 72 40 48 


ing without the intermediate 715-degree Cent. (1320-degree 
Fahr.) quench. The similarity of the two sets of data (Table 
VI) indicated that this intermediate quench had no effect in 
influencing the subsequent rate of graphitization. 


It must be assumed that the ferritic quench has no marked effect 
on rate of graphitization and, therefore, if any solution effect is 
accomplished, such solution does not promote subsequent graphitiza- 
tion unless it is accompanied with the strain induced by higher 
quenching temperatures. 


INDUCING GRAPHITIZATION AT 715 DEGREES CENT. 


From the results already reported, it appears evident that some 
condition or the, presence of some substance promoting nucleation 
for graphitization plays an important role in determining how the 
steels will react on subcritical annealing. This concept is well sup- 
ported by the results obtained from preannealing at 715 degrees 
Cent. (1320 degrees Fahr.) prior to the prolonged temper at 670 
degrees Cent. (1240 degrees Fahr.), and by the fact that little graph- 
itization can be obtained by a prolonged 715-degree Cent. treatment. 
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Fig. 16—Showing Relative Effect on Steel T of Nucleating 
5 and 25 Hours at 670 Degrees Cent. (1240 Degrees Fahr.), 
After Austenitizing 1 Hour at 1000 Degrees Cent. (1830 De- 
grees Fahr.) and Water Quenching, Prior to Tempering for 100 
Hours at 715 Degrees Cent. (1320 Degrees Fahr.). uenched. 
< 7. (A) Tempered 5 hours at 670 degrees Cent. (1240 degrees 
Fahr.) prior to 100 hours at 715 degrees Cent. (1320 degrees 
Fahr.) in covered lead. (B) Tempered 25 hours at 670 degrees 
Cent. (1240 degrees Fahr.) prior to 100 hours at 715 degrees 
Cent. (1320 degrees Fahr.) in covered lead. 


§ Hours 








: Complete 
Graphitization 7 


seine alae fh fi pi Vitti hh ttttiO htt tli 
West. WM esc ddd cll 





es Decrease in Hardness During Nucleation Period 


a * ~- After further 100 Hours at 
870* or 715°C. 


Fig. 17—Diagrammatic Illustration of the Graphite Nuclea- 
tion Effect, Obtained by Tempering Water-Quenched Steels at 
670 Degrees Cent. (1240 Degrees Fahr.), and Its relation to Sub- 
ray Prolonged Tempering at 715 Degrees Cent. (1320 Degrees 

ahr. 
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At 715 degrees Cent. (1320 degrees Fahr.), the conditions for 
nucleation do not exist and such treatment apparently tends to de- 
stroy or render inoperative nucleation which would promote graphiti- 
zation on tempering at lower temperatures. 

The following interesting question therefore arises: If graphite 
nucleation is induced at, say 670 degrees Cent. (1240 degrees Fahr.), 
will the graphitization proceed on tempering just below the critical 
[715 degrees Cent. (1320 degrees Fahr.) | ? 

In this study four unstable steels, S, T, X, and Z, were sub- 
jected to graphite nucleation at 670 degrees Cent. (1240 degrees 
Fahr.) for periods of 5 and 25 hours. One set of the samples from 
both the 5-hour and 25-hour pretemper was subsequently tempered 
for 100 hours at 715 degrees Cent. (1320 degrees Fahr.) and an- 
other set was tempered for a further 100 hours at 670 degrees Cent. 
(1240 degrees Fahr.). All tempering was conducted in covered lead. 
Table VII shows the Vickers hardness numbers obtained. 

Metallographic examination confirmed the indications given by 
hardness data, that all four steels graphitized as a result of the pre- 
temper treatment but that the samples subjected for 25 hours had 4 
larger number of graphite nuclei than those treated for 5 hours. 
This fact is evident from the unetched macrosection at 7 diameters 
(Fig. 16) taken from steel T. 

The data demonstrated that although graphitization will not 
occur directly at 715 degrees Cent. (1320 degrees Fahr.), the dis- 
sociation of the carbides can be effected at this temperature so long 
as graphite nuclei are previously made available by some pretreat- 
ment at a lower or graphitizing temperature. The rate of graphitiza- 
tion is markedly less than that obtained at nucleating temperatures. 

The bar graph in Fig. 17 has been constructed in an endeavor 
to indicate more clearly the results obtained by this nucleating treat- 
ment. From this figure it may be noted that the greater the number 
of graphite nuclei formed by the nucleating period at 670 degrees 
Cent. (1240 degrees Fahr.), the greater the drop in hardness on 
subsequent tempering at 715 degrees Cent. (1320 degrees Fahr.). 
For the 25-hour nucleating period the hardness values are from 8 to 
12 points lower than for the corresponding treatment after a 5-hour 
nucleation. 

It is interesting to note that there is a greater difference in tend- 
ency to graphitize at the two temperatures when the nucleating period 
is 5 hours than when 25 hours. This is probably due to the fact that 
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graphitization can take place at 715 degrees Cent. (1320 degrees 
Fahr.) provided graphite nuclei are present. 

Since for the 25-hour period (Fig. 16) there are more nuclei 
than for the 5-hour period at 670 degrees Cent. (1240 degrees 
Fahr.), the extent of graphitizing at 715 degrees Cent. (1320 degrees 
Fahr.) approaches that of 670 degrees Cent. more closely. 


Table VIII 


Indicating Effect of Change of Environment (Atmosphere) for the Tempering Treatment 

at 670 Degrees Cent. for 125 Hours. Samples were tempered in both the normalized 

and water-quenched state in a lead bath protected from oxidation and in an oxygen- 
bearing lead bath. The hardness values are Rockwell ‘“B”’ 


——Water—Quenched from 1000°C.——- -———Normalized from 1000°C.———— 


Steel = ————-—————_—_——_ Tempered for 125 hrs. at 670 °C,——_—____________—_- 

Covered Pb. Uncovered Pb. Covered Pb. Uncovered Pb. 
H 93 79 94 94 
I 91 91 92 92 
J 92 91 94 94 
K 92 83 94 93 
# 92 89 94 93 
M 91 69 92 84 
N 91 73 93 92 
O 90 8&9 91 91 
P 90 89 92 92 
R 92 90 92 93 
S 65 50 92 92 
7. 65 61 92 89 
I 73 64 92 92 
V 65 60 92 91 
W 48 43 92 91 
X 55 40 91 89 
Y 46 38 87 62 
Z 


40 34 87 86 


EFFECT OF ATMOSPHERE ON GRAPHITIZATION 


Previous references (4), (6) have drawn attention to the fact 
that the presence of oxygen in the medium surrounding the steel 
specimens during the progress of annealing and during tempering 
may promote or accelerate the rate of graphitization at subcritical 
temperatures. Thus it is evident that atmospheric oxygen diffused 
from the uncovered lead baths into the steel, thereby reducing the 
apparent stability of the cementite. 

Furthermore, later results show that the increase in rate of 
dissociation is dependent also on the pretreatment received by the 
steel. Thus, the development of susceptibility to graphitization in an 
oxygen-bearing tempering bath was most marked in steels which 
had been quenched from the highest temperature (1000 degrees 
Cent.), whereas normalized steels, with few exceptions, were not 
materially affected. 
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Fig. 18—Illustrating Important Role of Environment in Sub- 
critical Graphitization. The samples were austenitized by annealing 
1 hour at 1000 degrees Cent. (1830 degrees Fahr.) in pot packed 
with charcoal and then water-quenched. They were then tempered 
for 125 hours at 670 degrees Cent. (1240 degrees Fahr.) in lead 
bath unprotected from oxidation. Most of the stable steels exhibit 
graphitization. Unetched. xX 7. 





Vol. 35 





GRAPHITIZATION OF CARBON STEELS 


‘ 
~* 


Sree ae 


et 
’ 


# 
e:' 
" 
Ss 


wes 
= 
* 


Fa ere eet orips 1 ans 
Ran” -$F.1 Se ene Je os « 


> 


. 
wee 


oe 


ett ueas 
tee OO CRN he 


+ olay 
“ef 


Fig. 18 (Cont.)—lIllustrating Important Role of Environment in 
Subcritical Graphitization. The samples were austenitized by anneal- 
ing 1 hour at 1000 degrees Cent. (1830 degrees Fahr.) in pot packed 
with charcoal and then water-quenched. They were then tem 
for 125 hours at 670 degrees Cent. (1240 degrees Fahr.) in lead 
bath unprotected from oxidation. Most of the stable steels exhibit 
graphitization. Unetched. X 7. 
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After 125 hours in a lead bath at 670 degrees Cent. (1240 de- 
grees Fahr.) with the surface unprotected from oxidation, initially 
clean steel surfaces were covered with an oxide scale. With the use 
of a covered lead bath the specimens were always clean and free 
from surface oxidation even after 600 hours’ tempering. The ab- 
sence of surface decarburization also confirmed the effectiveness of 
the charcoal covering used to prevent oxidation. 


x" im Covered ee 


—___—+—_____ - 


Rockwell ‘B" Hardness 








Time, Hours 75 
Fig. 19—Illustrating the Difference Obtained from Tests Con- 
ducted in Covered and Uncovered Lead on Rate of Graphitization 
- Indicated by Change in Hardness. The five stable steels (H, K, 
N, and O resistant in protected lead bath) showed marked 
griphilization on tempering at 670 degrees Cent. (1240 degrees 
grant beyond 25 hours in uncovered lead. The unstable steel X 
exhibits increased rate of carbide dissociation. The pretreatment 
consisted in water quenching for 1 hour at 1000 degrees Cent. (1830 
degrees Fahr.) followed by 1l-hour stress relief at 200 degrees Cent. 
(390 degrees Fahr.). 


A complete picture of the role of oxygen during tempering at 
670 degrees Cent. (1240 degrees Fahr.) for 125 hours in relation to 
water-quenched and normalized specimens is presented in Table VIII. 
After water quenching and tempering in covered lead, the stable 
steels (H and R) do not exhibit any carbide dissociation, where- 
as the unstable steels (S and Z) do show a drop in hardness from 90 
Rockwell “B” down to values varying from 40 to 73. On tempering 
in uncovered lead many of the otherwise stable steels graphitize 
markedly as was indicated by the decrease in hardness. Macro- and 
micrographic examination demonstrated that all these steels (H and 
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R) graphitized to some extent. The stable steels most noticeably 
affected are M, H, N, K, O, and L (see Fig. 18 at 7 diameters) 
and of these, M, H, O, and N are higher in metallic aluminum than 
any of the other steels in this series. Steels K and L, although low 
in aluminum, were both treated with calcium silicide and steel K 
was higher in silicon (0.45 per cent) than any of the other steels. 
Steels I, R, and J appeared to have the lowest graphite content, as 
judged by the microstructure, and of these, R, and J were essentially 
free from metallic aluminum. 

These observations appear to confirm the suggestion that the 
presence of oxygen (penetrating the steel by the normal process of 
diffusion), resulting in the formation of alumina and of calcium and 
silicon oxides, presents effective nuclei for carbide dissociation. It 
has been emphasized previously (4), that these oxidation products 
must be present in a certain physical state, as yet undefined, if the 
promotion of graphitization is to be profound. 

Increase in degree of graphitization can also be noted from the 
hardness values (Table VIII) of the unstable steels when the tem- 
pering is conducted in an uncovered lead bath. 

In Fig. 19, the traces for six of the steels (H, K, M, N, O, and 
X) correlating hardness with time at 670 degrees Cent. (1240 de- 
grees Fahr.), for both protected and uncovered lead, clearly indicate 
the comparative softening rates. 

Experimental studies were also made to ascertain if the uncovered 
lead tempering treatment was effective in graphitizing normalized 
steels. It will be recalled that all steels were relatively stable when 
tempered at 670 degrees Cent. (1240 degrees Fahr.) in covered lead 
after normalizing (hardness values Table VIII), and it was stated 
that steels Y and Z alone showed evidence, under the microscope, of 
graphitization. Indeed, normalizing appears to have a most effective 
stabilizing influence. 

From the last column in Table VIII, it may be noted that the 
use of uncovered lead in tempering has little effect on the general 
reaction. Steel Y, however, still persists in softening markedly and 
steel M, usually regarded as stable, exhibits noteworthy softening 
characteristics. These two steels, together with S, were the most 
abnormal and the finest grained of any in the series, when subjected 
to the McQuaid-Ehn test. 

The general results may indicate that either oxygen does not 
diffuse so readily at 670 degrees Cent. (1240 degrees Fahr.) unless 
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Fig. 20—Diagrammatic Indication of the Amount, Size, 
and Distribution of the Graphite Particles as Viewed "Under 
the Microscope at 100 Diameters. The samples were water- 
quenched from 1000 degrees Cent. (1830 degrees Fahr.), pre- 
tempered from 1 to 75 hours at 670 degrees Cent. (1240 de- 
grees Fahr.) in oxygen-bearing lead, and finally tempered 125 
hours at 670 degrees Cent. (1240 degrees Fahr.) in a charcoal- 
covered lead bath. The numbers indicate the Rockwell ‘“B’’ 
hardness values after the final treatment. (Note: The two blank 
rectangles under steel M at 25 and 75 hours should show 
heavy graphite spots instead of being blank.) 


Table 1X 
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Indicating Effect of Graphite Nucleation in an Oxidized Lead Bath at 670 Degrees Cent. 
on Subsequent Graphitization in a Lead Bath at 670 Degrees Cent. Protected from Oxida- 


tion. 


and then water- 


The specimens were austenitized by annealing for 1 hour at 1000 degrees Cent. 
quenched 





Steel 


OZZAM OZKAM OZEAM OZRAR OZEAZ 


“Indicates marked graphitization. 


Rockwell “B" Hardness after Tempering 


In Covered 


Pretreatment ——In Uncovered Lead—— Pretreatment Lead Difference 
after No further +125 hrs. in after +125 hrs.in between 
Quenchin treatment covered lead ee. covered lead Columns 
from 1000 °C. (1) (2) from 1000°C (3) (2) and (3) 
104 92 93 1 
1 Hour in 103 91 1 Hour in 92 1 
Uncovered 103 89 —— 91 2 
Lead 102 i 91 ies 
101 87 90 3 
} 100 92 f ) 93 1 
5 Hrs. in 100 90 5 Hrs. in 93 1 
Uncovered 98 77* Covered 91 14* 
Lead 99 89 Lead 91 2 
98 &o 90 1 
96 92 } 93 1 
10 Hrs. in 98 90 10 Hrs. in 92 2 
Uncovered 97 73* Covered 91 18* 
d 97 90 Lead 91 1 
97 89 90 1 
96 89 92 3 
25 Hrs. in 9 90 25 Hrs. in 91 1 
Uncovered 919% _. 71* Covered 90 19* 
Lead 95 89 Lead 90 i 
94 89 | 89 0 
83** 77* ) 92 15* 
75 Hrs. in 89** 86 75 Hrs. in 90 4 
Uncovered 74* 68* Covered 89 21* 
Lead 82** 74* Lead 89 15* 
89** 85 88 3 


**Hardness values indicate some graphitization. 
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the steel was previously strained by quenching, or that if oxygen does 
penetrate, graphitization fails to result on account of the absence of 
internal strains. Abnormal steels were apparently so constituted that 
slight oxygen pick-up may render the carbides unstable. 
Incidentally, no difference in hardness was noticed on traverses 
across the sections of the tempered rod. This indicated that any oxy- 


Fig. 21—Macrosections from the Normally Stable Steel M Quenched 
After 1 Hour at 1000 Degrees Cent. (1830 Degrees Fahr.), Nucleated 
with Graphite by Tempering in Oxidized Lead for 1, 5. 10, 25, or 75 
Hours at 670 Degrees Cent. (1240 Degrees Fahr.), and Finally Tempered 
at 670 Degrees Cent. (1240 Degrees Fahr.) for 125 Hours in a Lead 
Bath Protected from Oxidation. Unetched. > 7. 


gen effect which might be obtained was not gradually progressing in- 
ward from the peripheral parts of the sample. 

Finally, we turn to a study of the effect of time of tempering 
in uncovered lead on subsequent graphitization, in a protected lead 
bath at 670 degrees Cent. (1240 degrees Fahr.). These experiments 
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relate to action of oxygen, diffused into the steel, on rendering the 
steels more susceptible to graphitization. 

Five of the normally stable steels (H, K, M, N, and O) and the 
readily graphitizable steel X were held for 1,-5, 10, 25, or 75 hours 
in uncovered lead at 670 degrees Cent. (1240 degrees Fahr.) and 
then removed to the protected lead bath and held for 125 hours at 





Fig. 22—Macrosections from the Unstable Steel X Quenched After 
1 Hour at 1000 Degrees Cent. (1830 Degrees Fahr.), Nucleated with 
Graphite by ae, in Oxidized Lead for 1, 5, or 75 Hours at 670 


Degrees Cent. (1240 Degrees Fahr.), and Finally Tempered at 670 De- 
grees Cent. (1240 Degrees Fahr.) for 125 Hours in a Lead Bath Pro- 
tected from Oxidation. Unetched. x 7. 


670 degrees Cent. (1240 degrees Fahr). All samples were prior- 
quenched from 1 hour at 1000 degrees Cent. (1830 degrees Fahr.). 
By this procedure the graphite nuclei originating in the uncovered 
lead treatment could be made to grow to visible size with no prob- 
able increase in nuclei number. 

The selection of the steels was based on oxygen susceptibility 
as indicated by previous tests and on the basis of aluminum content 
(see Table I). 

From specimens 1% inches long, quenched from 1000 degrees 
Cent. (1830 degrees Fahr.), about % inch was cut and discarded. 
This procedure provided a “clean end” surface from which te meas- 
ure any penetration effects, dependent on subsequent heat treatment. 
Separate specimens were then tempered for 1 to 75 hours in uncov- 
ered lead, and sections cut, remote from the “clean end,” for hard- 
ness determinations. The remainder of the 30 specimens were then 
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held for 125 hours at 670 degrees Cent. (1240 degrees Fahr.) in 
covered lead, and microscopic examinations were made from the 
“clean end” inward on a longitudinal section through the center of 
the bar. 

In Table IX will be found the complete set of hardness data in 
terms of Rockwell B, for the normally stable series of steels. In 
this table have also been included the hardness values obtained after 
tempering in covered lead, omitting the 1 to 75-hour pretreatment in 
uncovered lead. The last column gives a figure representing the 
amount of increased softening, and therefore of graphitization, re- 
sulting from the pretreatment under oxidizing conditions. 

One-hour pretreatment in unprotected lead has little effect on 
any of the steels; however, 5, 10, and 15 hours’ pretreatment has a 
profound effect on graphite nucleation in steel M, while the other 
steels in the series are affected only slightly. With a 75-hour pre- 
treatment, steels H and N are also markedly affected and steels K 
and O exhibit some increased softening. 

Sections of all the samples were examined under the microscope 
and possibly a more.clearly summarized statement of their behavior 
is shown in the diagrammatic reproduction of Fig. 20. In this figure 
an attempt has been made to illustrate the appearance of the polished 
sections, when viewed under the microscope at about 100 diameters, 
with respect to size, number, and distribution of the graphite phase. 
Evidently the time at temperature (670 degrees Cent.), under oxidiz- 
ing conditions, required to initiate graphite nucleation is different 
in the different steels, and the longer the period of treatment beyond 
this stage, the greater the number of nuclei and the finer the dis- 
tribution of the graphite particles. This is similarly true of steel X, 
which graphitizes without the pretreatment of nucleation. 

In order to demonstrate this striking picture with actual metal- 
lographic records, a series of macrosections have been reproduced at 
7 diameters (Fig. 21) from the various treatments given to steel H. 
With the exception of the “rim effect”, which is not dependent on 
decarburization, the illustrations are self-explanatory. Similar char- 
acteristics are shown for the normally graphitizable steel X (Fig. 
22). Oxygen diffusion evidently increased nucleation and as the 
time of nucleation progressively increases, the banding effect is 
gradually obscured. This characteristic may be noted also in Fig. 21, 
relating to steel M. 

The results obtained from these experimental studies indicate 
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Fig. 23—Macrosections from the Unstable Steel T Quenched 
After Austenitizing 1, 5, and 25 Hours at 1000 Degrees Cent. 
(1830 Degrees Fahr.) in Pots Filled with Charcoal, and ag 
tized for 125 Hours at 670 Degrees Cent. (1240 Degrees Fahr.) 
in a Lead Bath Protected from Oxidation. Unetched. xX 7. 
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that the degree of metastability of the cementite, and hence the sus- 
ceptibility of graphite formation, may be dependent on mill prac- 
tice, in terms of amount of minor element content such as aluminum 
and silicon, and melting or fabrication conditions which may promote 
internal oxidation of the steel. This oxidation of elements increas- 
ing metastability may occur while the steel is in the molten state, or 
in the soaking pit, reheating or annealing furnaces. 

There is some support for this viewpoint in the discussion of 
Green’s (7) paper on black fractures wherein J. A. Mathews stated 
that graphitization is due to bad mill practice, namely excessively 
high temperatures on the first cogging. The experimental data have 
already shown that less than 5 hours’ exposure (as with steel M) to 
oxidizing conditions at 670 degrees Cent. (1240 degrees Fahr.) may 
provide the nuclei necessary to convert the carbides to elementary 
graphite and iron. 

It is interesting to point out that the steels which were readily 
graphitizable in lead protected from oxidation were supplied by two 
steel companies, while the steels which have been considered as stable 
were shipped by two other steel companies. Furthermore, steel M, 
which has been classed as a stable steel, but which graphitized readily 
under an oxidizing environment, was manufactured about one year 
later than the rest of this series. 

Some attention must be directed to the “rim effect” which has 
been mentioned earlier in the paper. 

It was observed that a stable rim was obtained at the peripheral 
parts of a sample of steels which norinally graphitized, if the speci- 
men was protected from oxidation during annealing above the critical 
range, by surrounding it with charcoal granules. Similar results 
were obtained when the austenitizing was conducted in vacuum. The 
effects of vacuum treatment on graphitization of pure iron-carbon 
alloys containing a third element have been fully discussed (6). 

The atmosphere surrounding a steel sample packed in charcoal 
is essentially carbon monoxide, and it would seem that this gas has 
the role of rendering ineffective the nuclei which cause the start of 
the breakdown of the metastable carbide. 

Attention has already been drawn to examples of this rim effect 
and the results of a direct study of the problem are shown in Fig. 
23. These three macrographs of the complete transverse sections of 
steel were obtained by austenitizing 1, 5, and 25 hours at 1000 de- 
grees Cent. (1830 degrees Fahr.) in pots filled with charcoal, fol- 
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lowed by water quenching. The samples were then held for 125 
hours at 670 degrees Cent. (1240 degrees Fahr.) in a lead bath 
covered with charcoal to prevent oxygen infiltration. Thus the 
thickness of the rim is a function of the austenitizing time in a car- 
bon monoxide atmosphere. 

With the eight graphitizable steels the depth of rim varied from 
0.015 to 0.035 inch when held 1 hour at 1000 degrees Cent. (1830 
degrees Fahr.). For steels T and X respectively, the depth of rim 
was 0.01 and 0.03 after 1 hour; 0.03 and 0.05 after 5 hours; and 
0.07 and 0.095 after 25 hours austenitizing, followed by the 125-hour 
treatment at 670 degrees Cent. (1240 degrees Fahr.). 

It was also noted that the rim effect was destroyed rapidly if 
the graphitizing anneal was carried out in a lead bath unprotected 
from oxidation. This statement is confirmed by reference to the 
illustration in Fig. 21. ; 

A breakdown of the resistance to carbide dissociation also de- 
veloped in a covered lead bath but the process was very slow. After 
125 hours, some graphite particles could be discovered in the rim but 
the number was quite small. 

The phenomenon was not, of course, associated with decarburi- 
zation. 


GENERAL CONSIDERATIONS 


In previous researches, it has been pointed out that quenching 
from above the critical promotes graphitization upon subsequent tem- 
pering. However, this fails to explain why certain steels graphitize 
and others remain stable when subjected to identically the same treat- 
ment. For example, even after quenching from 1000 degrees Cent. 
(1830 degrees Fahr.) the stable steels (H to R) maintain their car- 
bide stability upon tempering in covered lead. The unstable steels 
(S to Z) retain the general order of carbide instability regardless 
of quenching temperature, but show a progressive increase in graphi- 
tization as the quenching temperature is raised. The time at tem- 
perature prior to quenching appears to have relatively little impor- 
tance. 

On the other hand, graphite has been found after tempering 
steels (W, Y, and Z) which were coarsely pearlitic after slow furnace 
cooling. In this case, graphitization seems to have occurred without 
the accelerating action of quenching. 
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It has been pointed out, however, that reasons for the increased 
rate of graphitization on tempering as a function of austenitizing 
temperature may include such factors as high carbon content of mar- 
tensite, reduced amount of free cementite, increased internal stress 
concomitant with the formation of microcracks, and probable in- 
creased solution of elements or compounds which may promote car- 
bide instability. It was further suggested, however, that the observed 
changes in carbide instability would appear to be related more par- 
ticularly to the increased strain associated with incipient microcracks 
and to increased solubility of some substances promoting graphitiza- 
tion, both dependent on high quenching temperature. 

The concept of increased solubility of a phase promoting graphi- 
tization appears to receive direct support from the directional dis- 
tribution of graphite formed after tempering. This phenomenon 
can be assumed to be associated with segregation and hence with 
localized. solution of the disperse phase. This behavior has been 
clearly illustrated in the macrographic records presented for steel Y 
(Fig 7). 

In the studies on.supplementary pretreatments, the importance of 
the presence of martensite prior to tempering has been demonstrated. 
Thus oil quenching from 850 degrees Cent. (1560 degrees Fahr.) 
does not promote martensite and consequently does not cause graph- 
itization on subcritical annealing. However, once martensitization is 
effected, repeated quenching from above the critical does not appear 
to modify appreciably the metastability of the carbide. 

The results obtained as a result of cold deformation prior to 
tempering appear particularly interesting. Thus, while compressive 
stresses have little effect, tensile stresses may profoundly affect sub- 
sequent behavior on tempering unstable steels. Since the reaction 
Fe,C = 3Fe+C occurs with increase in volume, any resultant 
“loosening” of atomic or molecular structure of the matrix might 
be expected to facilitate dissociation of the unstable phase. How- 
ever, the dissociation tendency of the carbides in the stable steels 
appeared to be unaffected by either type of mechanical strain. 

Truly striking observations relate to the manner in which tend- 
ency to graphitization at 670 degrees Cent. (1240 degrees Fahr.) is 
profoundly reduced by pretempering at 715 degrees Cent. (1320 
degrees Fahr.). This effect has been recorded in studies on the un- 
stable steels and must be associated with some form of nucleation. 
As regards solubility effects, quenching of the ferritic steel from a 
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temperature just under the critical has been shown to have no im- 
portance, 

While it has been shown that pretempering at 715 degrees Cent. 
(1320 degrees Fahr.) promotes the stability of the steels, evidence 
has been presented to demonstrate that as the amount of graphite 
nucleation is progressively increased by pretempering at 670 degrees 
Cent. (1240 degrees Fahr.), further tempering at 715 degrees Cent. 
(1320 degrees Fahr.) results in continuation of the processes of car- 
bide dissociation. 

The role of atmosphere has also received experimental consider- 
ation, and it has been shown that while the presence of oxygen in 
the environment used in tempering promotes graphitization, the in- 
creased susceptibility is dependent on prior austenitization followed 
by rapid cooling. The most noteworthy effect relates to the manner 
in which “stable steels” are rendered unstable when an oxidizing 
atmosphere is used ‘during tempering. The results appear to lend 
strong support to the suggested role of aluminum (calcium and sili- 
con) oxide, in promoting subcritical graphitization, when present in 
suitable form and suitable degree of dispersion. It is to be noted, 
however, that this phenomenon is exhibited only when such change 
in subcritical tempering environment is associated with rapid cool- 
ing following austenitization. 

A further effect caused by the atmosphere obtaining during the 
process of austenitization has been pointed out. Substitution of car- 
bon monoxide for air results in a progressive increase in thickness of 
a peripheral stabilized rim as the time of annealing is increased. 
Carbon monoxide has a definite reducing power and presumably has 
some reducing action on the substance or substances . promoting 
graphitization. Indeed, when subsequent tempering is conducted in 
unprotected lead, the resistance to carbide dissociation developed in 
the rim of the sample is rapidly destroyed. If, however, the steel is 
protected from oxygen infiltration during tempering, the resistance of 
the carbides to dissociation persists. 

One of the authors is happy to acknowledge the very able assist- 
ance rendered by Mr. Hugo R. Larson, a senior student in the de- 
partment of metallurgy, during the preparation of this mamuscript. 
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DISCUSSION 


Written Discussion: By H. A. Schwartz, manager of research, National 
Malleable and Steel Castings Co., Cleveland. 

This writer is profoundly impressed with the scope and thoroughness of 
the subject paper. It is desired to point out some of the practical implications 
of this work. 

There is a considerable volume of cast graphitizable steel made, having a 
carbon content not very far from 1 per cent, but rather high silicon contents, 
generally over 1 per cent. It was at first thought by this writer, when devel- 
oping this product, that there would be no point in a high temperature treat- 
ment resembling the first stage of malleable annealing. It was almost imme- 
diately found that the graphitization of this material was much accelerated by 
heating to, say, 900 degrees Cent. (1650 degrees Fahr.), followed by fairly 
rapid cooling, though not by quenching, and subsequent heat treatment below 
the critical point. 

This development in practice seems to be parallel with the authors’ experi- 
mental work. 

Although the present paper deals with somewhat hypereutectoid steels, and 
high pressure, high temperature pipe and fittings are generally moderately low 
in carbon, much of the authors’ work throws light upon a problem which has 
vexed the power plant designer for some time. 

It has been found that when these high temperature lines are assembled 
by welding, then after years of use at, say, 900 degrees Cent. (1650 degrees 
Fahr.) a very marked segregation of graphite’ is formed in those regions of 
the steel near the welded joint. These regions may be assumed to have had 
high temperature treatments and perhaps to still contain residual stresses. 
There is a suspicion that steels containing aluminum are prone to this diffi- 
culty, and the formation of Al.Os, as pointed out by Austin and Fetzer,’ may 
be of distinct importance. 
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In this connection it may be interesting to report that a certain steel cast- 
ing was found by the purchaser to have developed graphite in a central band. 
In this case there was no relation to any welding, none having been done in 
proximity to this area. Most of the casting extending inward from either sur- 
face was graphite-free, but a band, perhaps 0.5 cm. wide, extending somewhat 
irregularly down the axis of the cross section, contained graphite. Analysis in 
our laboratory showed approximately 0.003 per cent Al.O; in the graphite-free 
zone and 0.007 per cent in the zone which had graphitized. 

Written Discussion: By F. Eberle, research metallurgist, The Babcock & 
Wilcox Co., Barberton, Ohio. 

This paper is another valuable contribution by the authors on the subject 
of graphitization in steels. It would appear from the presented experimental 
results that these high carbon steels can be induced to graphitize at certain 
subcritical temperatures irrespective of melting and deoxidation practice, if 
suitable conditions of pretreatment and environment are chosen. For, the au- 
thors state on pages 518 and 519, “On tempering in uncovered lead, many of the 
otherwise stable steels graphitize markedly as was indicated by the decrease 
in hardness. Macro- and micrographic examination demonstrated that all these 
steels (H and R) graphitized to some extent”. However, on page 487, last sen- 
tence, it is said that “With the exception of steels I and R, even the so-called 
stable steels exhibited some graphitization on prolonged tempering under oxi- 
dizing conditions in uncovered lead”. It would be quite important to know if 
the authors succeeded in graphitizing straight silicon-killed steel which has re- 
ceived no addition of aluminum or of any other similarly powerful deoxidizer. 
It is to be regretted that the graphitizing experiments with the so-called stable 
steels in uncovered lead were carried out for the relatively short time of only 
125 hours. If the tempering time had been extended to 600 hours, the graphi- 
tizing tendency of the so-called stable steels would have been established with 
greater certainty. 

In view of the practical value of a better understanding of the phenome- 
non of graphitization in steels, it is also to be regretted that the authors have 
not quantitatively determined the degree of graphitization in their more im- 
portant samples. For instance, if the average number of graphite nodules per 
square inch cross section were known, together with the percentage of the 
graphitic carbon, the various factors influencing graphitization could be ap- 
praised more accurately. To determine the degree of graphitization of a sam- 
ple by the hardness drop on tempering is only an approximation, particularly 
if graphitization is only slight. Furthermore, a clarification of the terminology 
employed in describing certain aspects of graphitization would lead to a better 
understanding and appreciation of results. Frequently, one encounters such 
terms as “promotion of graphitization”, “acceleration of graphitization”, “in- 
creased rate of graphitization”, but, it is not always clear what these terms 
are supposed to mean with respect to number of nodules per unit area or 
volume plus total amount of graphite formed within a given time, or time 
elapsed until graphite makes its first appearance. This is not meant to be a 


criticism, but rather a suggestion to agree upon a method of describing certain 
aspects of the graphitizing process. 
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In view of the hypothesis advanced by the authors that increased solution 
of elements or compounds may be one of the factors responsible for the ob- 
served increased rate of graphitization on tempering as a function of austeni- 
tizing temperature, it would appear worthwhile if the authors would determine 
the influence of increasing austenitizing temperatures upon subcritical graphi- 
tization with,a steel of eutectoid composition. 

This writer expresses his sincere appreciation of the work done by Drs. 
Austin and Fetzer. 

Written Discussion: By B. S. Norris, research metallurgist, York Cor- 
poration, York, Pa. 

The authors are to be congratulated on the manner in which they have 
shown how various factors may promote graphitization in commercial high car- 
bon steels. The paper is particularly interesting to me since the authors have 
been able to more completely explain the action of some of the factors with 
which I was concerned when connected with the graphitization program di- 
rected by Dr. Austin. 

The presence of residual stresses appears to greatly increase the graphitiza- 
tion reaction provided the steel already has an urge to graphitize. According 
to Fig. 11 the closer an unstable steel (steel with an urge to graphitize) is 
stressed to its ultimate strength the greater is its graphitization. In other 
words, as the condition of the steel becomes more favorable for the formation 
of cracks the greater is the graphitization tendency. When a steel has a rela- 
tively high urge to graphitize, such as steel Z, much smaller stresses can ini- 
tiate graphitization. This information raises the following question: Did the 
authors observe a greater cracking tendency among the unstable steels S to Z 
than in the stable steels H to R? Fig. 4 indicates that small cracks were 
probably present in steel Z after a water quench from a high temperature and 
a stress relieving anneal at 200 degrees Cent. (390 degrees Fahr.). 

As a result of the authors’ experience with cold-rolled samples it is con- 
cluded on page 527 that compressive forces exert little effect on graphitization. 
It is believed by me that if a steel has a great enough urge to graphitize, com- 
pressive forces can accelerate graphitization. However, their effect is prob- 
ably much smaller than that exerted by tensile forces. In 1942* Dr. Austin 
and I presented data which showed that compressive forces would ac- 
celerate graphitization if the steel had a great enough urge to graphitize. 

At this time I would like to recall several examples that were given in 
this earlier paper. A pure steel containing 1.14 per cent carbon and 0.37 per 
cent aluminum was used. The quantity of other chemical elements was small. 
This steel graphitized very easily when tempered in a covered lead bath at 
630 degrees Cent. (1165 degrees Fahr.) following the formation of martensite 
by a water quench from 1000 degrees Cent. (1830 degrees Fahr.). However, 
when an “as-received” sample of the steel was heated for as long as 125 hours 
at 630 degrees Cent. (1165 degrees Fahr.) no graphite formed. The carbides 
were in the spheroidized condition when the steel was received. 

When an “as-received” sample, containing Brinell ball impressions on a 


1Charles R. Austin and_B. S. Norris, “Effects of Small Amounts of Alloying Ele- 
ments On Graphitization of Pure Hypereutectoid Steels,” Transactions, American Society 
for Metals, Vol. 30, 1942, p. 425-457. 
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a—One-Half Sample 
xX 7; c—Etched Edge Near Impression. 
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0.37—Aluminum: 


Brinell Impressions. 


tance from Edge. 
0.07 Aluminum: b—Unetched Section Showing Graphitization Near Stencil Mark. x 7. 
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freshly cut end and on the periphery, was heated in covered lead for 125 hours 
considerable graphite formed in certain regions of the sample. This is illus- 
trated by the accompanying Figs. 24a to e. 

Fig. 24a illustrates the appearance of an unetched longitudinal section which 
bisects the two Brinell impressions. The half of the sample omitted from Fig. 
24a was practically free of graphite. The size and quantity of graphite formed 
appear to depend on the degree of cold working. These characteristics are 


Figs. 25a to c—Sections Showing Effect of Strain on Graphitization on the 0.37 
Aluminum Steel Tempered in As-Received, Spheroidized, But Strained Condition for 
125 Hours at 630 Degrees Cent. 


a—Etched Macrosection. x 5. Showing Stable Neutral Axis; b—Etched Section 
on Neutral Axis. x 250; c—Etched Section in Strained Area. XX 250. 


well illustrated by Figs. 24c, d and e. Immediately under the impression made 
on the freshly cut end, left side of sample, the unchanged carbides are followed 
by very coarse graphitization (Fig. 24c), then by complete graphitization (Fig. 
24d) and finally by an unchanged structure (Fig. 24e) at a location where the 
strain ceased to be effective. 

In Fig. 24b graphite is shown near a stencil mark made on a pure steel con- 
taining 1.15 per cent carbon and 0.07 per cent aluminum. The graphite formed 
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when the “as-received” sample, containing spheroidized carbides, was heated 
for 125 hours at 630 degrees Cent. (1165 degrees Fahr.) in a covered lead bath. 

A piece of the %-inch diameter bar, in the “as-received” spheroidized con- 
dition, of the pure 0.37 per cent aluminum steel was bent cold around a 2-inch 
diameter mandril. An arc was cut from the resulting circle and tempered for 
125 hours at 630 degrees Cent. (1165 degrees Fahr.). Longitudinal sections 
were cut and examined for macro- and microstructure. The resulting struc- 
tures are shown in Figs. 25a to c. In Fig. 25a the top side of the bar was 
in tension while the bottom side was in compression during the bending opera- 
tion. Along the neutral axis of the bar practically no graphite formed (Fig. 
25b). However, in the regions where tensile and compressive forces had acted 
almost complete graphitization occurred (Fig. 25c). In this case the compressive 
forces appear to have been as effective as the tensile forces. 

On page 519 the authors mention that steels M (stable), S and Y (un- 
stable) were the most abnormal and the finest grained of any in the series 
when subjected to the McQuaid-Ehn test. Have the authors made any tests 
to determine whether a prolonged heating in an oxidized lead bath altered the 
normality or the austenitic grain size of a steel? 

Have the authors ever tempered these steels at 670 degrees Cent. (1240 
degrees Fahr.) after martensite had been formed by an isothermal quench? 


Authors’ Reply 


The authors are appreciative of the comments made in the discussion of 
the paper. Dr. Schwartz’s comments add to the information contained in the 
paper and emphasize some phases of the practical importance of the subject 
of graphitization on steels, particularly in power plant application. It is 
gratifying to note, from an examination of the recent literature on graph- 
itization which has emerged as a result of failure in power plant lines, that 
the findings of the present authors and former colleagues, on high carbon 
steels, are directly applicable to the low carbon steels. 

As regards Fig. 11, the meaning is clear, we believe, when the abscissa is 
made to read “tensile stress” instead of “tensile strength”. 

The comments of Dr. Eberle are interesting and they clearly demonstrate 
that he has given careful thought to an analysis of the factors which may pro- 
mote graphitization in the type of failures already referred to. It should be 
pointed out, however, that this concluding paper, in a series of six published 
researches, was completed before attention was focused so emphatically on 
subcritical graphitization in steels under high temperature service conditions. 
Consequently, attention was directed toward ascertaining the factors pro- 
moting carbide dissociation, and the wide field relating to variation in deoxidizing 
methods in steel-making practice was not investigated. Nevertheless, the 
published researches have emphasized the vast experimental data necessary 
to give a general survey of the subject. 

No doubt, now that the engineering importance of the subject is being 
recognized, many other investigators will give more thorough attention to 
the several factors which the researchers have shown to be relevant in the 
study of this subject. 
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Dr. Eberle appears to be particularly interested in graphite nodules and 
nucleation and correctly emphasizes the importance of this concept. While 
we have given some attention in the paper to relative amount or number of 
nuclei, Dr. Eberle will no doubt realize the experimental difficulties in stating 
precisely the number of nuclei at any given instant. Anyone who has attempted 
to follow the' simple mechanism of spheroidization in steels, in the earliest 
stages immediately following martensite decomposition, can readily under- 
stand the difficulty encountered here in defining the absolute number of carbide 
particles in any field of the microscope. 

We believe that Dr. Eberle has a very interesting suggestion regarding 
the study of the role of austenitizing temperature in steels which are as nearly 
exactly eutectoid in composition as practicable. 

We are pleased to have the discussion from Dr. B. S. Norris, a former 
associate, and cannot add much to his comments. No efforts have been made 
to determine the effect of prolonged heating under oxidizing conditions on 
the normality of the steels, nor have we studied the effect on graphitization 
of martensitization by isothermal decomposition. But. then, does martensite 
form as a product of constant temperature decomposition of austenite? 








IMPROVED SENSITIVITY IN DOUBLE-EXPOSURE 
RADIOGRAPHY 


By James RIGBEY 


Abstract 


In order to overcome the decreased sensitivity inher- 
ent in double-exposure radiographs, a return is made to 
the stereoscopic method of exposing two separate films. 
In order that precise measurements can be made of the 
shift of a flaw image to determine the vertical position 
of the flaw, the image of a lead marker is used as a refer- 
ence point. The measurement may then be corrected for 
the known shift of the marker image and used as in the 
case of double-exposure radiography. 

In experiments with cast aluminum and steel blocks 
up to 2 inches in thickness, it was found that the conse- 
quent increased possible error in measuring the image 
shift does not appreciably alter the accuracy with which 
the position of the flaw is determined. Sensitivity is im- 
proved from 4 to 1 per cent while errors in results re- 
main, in most cases, much better than 10 per cent of the 
specimen thickness. Maximum possible error in the ac- 
tual measurements is calculated at about 14 per cent. 
Tests with production specimens gave similar results. 


1 gence radiography is the method in which one 
X-ray exposure is superimposed upon another on the same 
film after the X-ray tube has been moved a short horizontal distance. 
By this means, if the specimen has not also been moved, the images 
of any part of it, corresponding to the two exposures, are separated 
by an amount which depends solely upon the distance of that part 
from the film, and other geometrical factors which can be deter- 
mined. Thus it is used to introduce the third dimension into indus- 
trial radiography (1).? In this, it is a substitute for stereoscopic 
radiography as used in medical work, with the difference that the 
vertical position of any particular point is computed from measure- 
ments instead of being observed in a stereoscopic viewing stand. 

It is quite obvious that the sensitivity obtained in, double-ex- 





1The figures appearing in parentheses pertain to the references appended to this paper. 





A paper presented before the Twenty-sixth Annual Convention of the So- 
ciety held in Cleveland, October 16 to 20, 1944. The author, James Rigbey, 
is radiologist, Ford Motor Company of Canada, Windsor, Ontario, Canada. 
Manuscript received May 16, 1944. 
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posure radiography is inferior to that of ordinary single-exposure 
radiographs. In a previous paper (2) it was shown that the best 
sensitivity attained in this type of work under the conditions of this 
investigation is around 2 per cent for aluminum and 4 per cent for 
steel. It is the purpose of this paper to demonstrate a method of 
attaining the customary sensitivity of 1 to 2 per cent and to deter- 
mine the effect of this method upon the accuracy of the work in 
which the double-exposure technique is used. 

This method involves a return to the use of two films exposed 
in the customary manner for stereoscopic viewing. That is, each of 
the two films corresponds to a different position of the X-ray tube, 
so that the images on the films, of various parts of the specimen, are 
in relatively different positions depending upon their relative dis- 
tances above the film. Hence we may say that the image of a flaw 
undergoes a shift on the second film relative to the first, the mag- 
nitude of which depends upon the shift of the X-ray tube, the 
vertical position of the flaw in the specimen, and the focal distance 
or S.F.D. In order to measure the shift of the flaw image, a lead 
marker is placed at a known distance from the film (usually on the 
cassette) and in exactly the same position relative to the specimen 
on each film. The best method is to attach it with Scotch tape to 
either cassette or specimen. Then the difference between the meas- 
urements on the two films of the distance between the images of 
the flaw and the marker, measured in the direction of the tube 
shift and corrected for the known shift of the marker image, is a 
measure of the flaw image shift. This can then be used in the usual 
manner to determine the vertical distance of the flaw above the film. 

Since this work was begun, an improved method of image shift 
measurement has been described (3). This method utilizes a lead 
grid next to the film and is applied to gamma radiography. The lead 
grid technique, however, appears to be more applicable to some 
types of specimens than to others and involves a specially constructed 
cassette. It might be applicable, with modifications, to all branches 
of radiography. 

Two methods of using this measured shift were employed here. 
The first was to multiply by the factor (marker-film distance/marker 
image shift) or S.F.D./tube shift. The second was to plot em- 
pirically the curve of which the above factor is the slope. This sec- 
ond method eliminates the error which is present in the first due to 
the assumption that the X-ray beam is parallel instead of conical, 








538 TRANSACTIONS OF THE A. S. M. Vol. 35 


while obviating the use of the precise theoretical formula which is 
more laborious. It has been found, however, that the error intro- 
duced by the above assumption is negligible for reasonable target- 
film distance/specimen-film distance ratios. 


PRELIMINARY WoRK 


The fact, that in the second exposure the specimen must be in 
exactly the same position as before, introduces some difficulty in 
practice. This can be controlled by orienting the cassette in the same 
manner each time with respect to its support and the specimen rela- 
tive to the cassette. One method which helps considerably, when 
available, is to utilize a light placed in the radiographic cone. In 
the work described here, the X-ray tube was provided with a lead 
shutter and a medical type cone with balsa wood at the lower end 
(for the purpose of comfortable contact with the patient’s skin). 
Consequently it was possible to tape a small 110-volt light bulb near 
the lip of the shutter and power it from the terminals of the shutter 
motor. Holes were drilled in the balsa plug, at each corner and in 
the center, so that the light beams through the holes approximately 
outlined the X-ray beam and its center. Thus by changing cassettes 
before moving the tube, the orientation of the specimen can be re- 
peated by reference to the light beams. 

The light beam method was found to be very useful in indicating 
on the film the direction of the tube shift. Before positioning the 
tube for exposure, it was set at two positions on its tracks and the 
positions of the center light beam on the cassette marked with lead 
arrows. After processing, the images of these two markers were 
joined by a scratch in the emulsion which then indicated the direc- 
tion of tube shift. 

In order to measure the distance between the flaw and marker 
images, a celluloid square was used. Since such squares with a 
millimeter scale along one edge were unavailable at the time, a 
convenient one was made from X-ray film. A negative was 
first made by placing a celluloid rule on the film and giving it a sec- 
ond or so exposure with white light. A positive was then printed 
off this in the same manner and a solid right-angled triangle cut out 
with the scale image along one edge. Error in the scale, introduced 
through shrinkage of the emulsion, amounted to only about 0.2 per 
cent and was neglected. Lines were scratched in the emulsion 
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parallel to the scale edge and about 1 centimeter apart to assist in 
aligning the edge parallel to the scratch denoting the direction of 
tube shift. The use of the square is illustrated in the photograph 
in Fig. 1. 





Fig. 1—Photograph Showing Use of the Celluloid Square in 
Determining the Distance Between the Flaw at ‘‘A” and the 
Marker “B” in the Direction Parallel to the Tube Shift. 


Tube shifts of 30.5 and 61 centimeters (1 and 2 feet), and an 
S.F.D. of 114 centimeters (45 inches) were chosen for all the en- 
suing work. Working curves were made by placing lead markers 
on wooden blocks of various thicknesses up to 7 centimeters and 
making a double exposure in the usual manner. The distances be- 
tween the two images of each marker were then plotted against their 
distances above the cassette including half the thickness of the 
markers. The resulting curves A and B are shown in Fig. 2 for 
1 and 2-foot tube shifts using High Speed film. The intersection 
of the two curves with the vertical axis is, of course, the measure of 
the distance of the film below the surface of the cassette. Similar 
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curves were made for Noscreen film for use with light alloys and 
thinner steel specimens. The deviation of each of these empirical 
curves from the straight line of slope S.F.D./tube shift is due, of 
course, to the conical shape of the X-ray beam and shows clearly 
that, for an S.F.D. of 114 centimeters, the parallel beam assumption 
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Fig. 2—Curves Showing 1- and 2-Foot Tube Shifts Using High Speed Film. 


introduces appreciable error in the determination of flaw-film dis- 
tances in excess of about 5 centimeters. On comparing the precise 
and approximate formulae (2), we see that this error may be meas- 
ured in the form FS*/(T?+ TS) where F is the S.F.D., T the 
tube shift and S the flaw image shift. Using this formula, we arrive 
at the dotted straight lines in Fig. 2 which are seen to possess the 
required slope. 

Some care is required in using the measured flaw image. shift, 
depending upon the position of the flaw relative to the reference 
marker. If, for example, the marker be on the cassette, it is best 
to use this quantity, uncorrected for marker image shift, with the 
factor S.F.D./tube shift, to get the distance of the flaw above the 
cassette. Using the graph, it will have to be increased by the image 
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shift of the marker to give the same quantity. If the marker is 
not on the cassette, it should be on top of the specimen so that it is 
known to be definitely above the flaw. This is because, if it be 
above, then the measured quantity will have to be treated as being 
negative since the image shift of the marker is greater than that of 
the flaw. To this negative measurement must then be added the 
positive quantity (marker image shift minus the image shift of a 
marker on the cassette) which may be obtained by reference to the 
graph. This is then ready for use with the factor. It is easier here, 
however, to use the graph since, for this, only the marker image shift 
need be added to the measured quantity. 


EXPERIMENTAL PROCEDURE 


The same test castings as were used in past experiments were 
again employed and have been described elsewhere (2). In brief 
these were, for work with aluminum, 4, 34 and 1% inches thick and 
were superimposed to form test specimens 1 and 2 inches thick (2.5 
and 5.1 centimeters). Twelve holes 6.5 millimeters in diameter and 
varying in depth by about 0.8 millimeter were drilled in each. The 
point of the drill was 1.6 millimeters long and was not recorded in 
the measurements when the full diameter of the hole was visible on 
the film. For holes whose image diameter was less than 6.5 milli- 
meters one-half the tapered tip was included in the recorded depth. 
Apart from these latter holes (all under 2 millimeters deep) the 
maximum possible error in measurement of hole depth or specimen 
thickness was + 0.3 millimeter. 

The steel specimens used were cast blocks %, 1 and 1% inches 
thick, superimposed to form specimens of 1 and 2 inches. These 
contained machined slots 0.3 centimeter wide by 1.2 centimeters and 
varying in depth from 0.25 to 2 millimeters (0.01 to 0.08 inches) in 
steps of 0.25 millimeter. Possible error + 0.1 millimeter. In both 
types of specimens the holes were on top and at the interfaces of 
the superimposed>castings. 

The tube shifts were 61 and 30.5 centimeters for the 2.5 and 
5.l-centimeter specimens respectively as recommended previously. 
The tube positions were both equally spaced each side of the speci- 
men and also directly overhead and with the complete shift made to 
one side of the specimen. Either method was found to be practi- 
cable and consequently the technique described in reference 4 may 
be employed. 
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The tube used was an oil-cooled Standard “Flexray”, 220- 
k.v.p. unit with focal spot rated at 2.4 millimeters by the dealer. Ex- 
posures were all made at 5 m.a., time being measured by means of 
a timer operating a motor-driven shutter. S.F.D. was 114 centimeters 
as before. 

Noscreen film with 0.2-millimeter lead filter was used for work 
with aluminum while High Speed film with two calcium tungstate 
intensifying screens was used with the steel, utilizing copper shot 
for blocking purposes. 


RESULTS 


In working with aluminum, holes over 1.5 millimeter deep in 
the 2.5-centimeter specimen and over 5 millimeters deep in the 5.1- 
centimeter specimen showed sufficiently clearly to estimate the posi- 
tions of their extremities. When measuring the shift for the center 
of the holes, the centers of the circular images were used. Steel 
specimens did not show the extremities of the holes sufficiently 
clearly for measurement. In this case, the distance measured was 
from the point of the marker image (usually an arrow) to a corner 
of the machined hole image. All calculations: were made to deter- 
mine the distance from the bottom of the specimen. 

Combining the maximum possible errors in setting the tube 
positions, the S.F.D. and repositioning the specimen for the second 
exposure, we find them to be 1 or 2 per cent depending on the tube 
shift. With reasonable care in making measurements on the film, 
the maximum possible error from this source is about % millimeter 
per measurement and about half this for the marker image shift 
taken from the graph. Thus we get the maximum possible error in 
image shift determinations to be 1 to 1% millimeters, depending on 
the method used. This gives a result of 8 to 12 per cent error taken 
as percentage of the specimen thickness when a 6l-centimeter tube 
shift is used for a 2.5-centimeter specimen and so on as done here. 
Combining the above and taking the possible error. in dimensions as 
measured by calipers and depth gage to be negligible, we find that, 
depending upon the method used, the maximum possible error is 
9 to 14 per cent. In addition to this, the variable error when using 
the straight line slope factor must be considered in determining 
flaw-film distances in excess of 5 centimeters. 

The errors in calculating the positions of the holes are listed in 
the following table as percentages of the specimen thickness. The 
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bracketed numbers are the average values neglecting the sign when 
both positive and negative errors are averaged. 


~~ 


A. Specimen: Aluminum, 2.5 centimeters 


1. Exposure at 60 k.v.p.: 10 minutes. 
Tube positions: 30.5 centimeters each side of specimen. 
Holes and marker at top of specimen. 


METHOD Top oF Hoie Bortrom or Hoie Muppte or Hote 

Factor —4to —8 +2to—10 +2to —6 
(6) (5) (3) 

Graph —2 to —6 +4to— 8 +4to—4 
(4) (6) (3) 


Tops of holes 6.5 millimeters from top specimen. Marker on cassette. 


Factor +6 to 0 +14to +2 +10 to 0 
(4) (8) (6) 

Graph +8 tol +14to +6 +12to0 
(6) (8) (7) 


2. Exposure at 90 k.v.p.: 2 minutes. 
lube positions : 30.5 centimeters each side of specimen. 
Holes and marker at top of specimen. 


Factor +4to —®8& Oto —s Uto —ds 
(4) (4) (3) 
Graph +6to —8 Uto—8s +2 to —6 
(4) (4) (2) 
Tops of holes 6.5 millimeters below top specimen. Marker on specimen. 
Factor +8 to 0 Tizge —2 +8to0 
(4) (5) (3) 


Graph same as factor. 


3. Exposure at 120 k.v.p.: 2 minutes. 
Tube positions: overhead and 61 centimeters to one side of specimen. 
Holes and marker at top of specimen. 


Factor —2to —10 +4to —10 —2to—8 
(4) (6) (5) 

Graph +2to— 4 +4to— 8 Uto—o6 
(2) (4) (3) 


Tops of holes 6.5 millimeters from top specimen. Marker on cassette. 


Factor 0 to —10 +6 to—8 +4to —12 
(5) (5) (6) 
Graph 0to —10 +8 to —4 +6to—10 
(5) (4) (6) 
B. Specimen: Aluminum, 5.1 centimeters. 


1. Exposure at 100 k.v.p.: 10 minutes. 
Tube positions: 15.2 centimeters each side of specimen. 
Holes and marker at top of specimen. 


Factor +4tol +10to4 +5to— 6 
(2) (6) (2 
Graph +4 tol + 5to0 —2 to I! 


(3) (2) (5) 
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Tops of holes 32 millimeters from top specimen. Marker on cassette. 


METHOD Tor or Hote Bottom or Hoe Mipp_e or Hote 

Factor 0to —4 0 to —2 +6to—11 
(3) (1) (5) 

Graph —2to—5 0to —2 +3 to —12 
(4) (1) (5) 


Exposure same. 


Tube positions: overhead and 30.5 centimeters to one side of specimen. 
Holes and marker at top of specimen. 


Factor +8to 0 +11 to +2 +7 to —6 
: (4) (4) (4) 
Graph +2 to —4 + 6to—3 +lto—8 
(2) (2) (S) 
Tops of holes 19 millimeters from top specimen. Marker on cassette. 
Factor +4to —3 +8to 2 +8 to—6 
(4) (4) (4) 
Graph +1 to—7 +4 to —4 +5to —7 
(2) (2) (3) 


. Specimen: Steel, 2.5 centimeters. 


Exposures at 120 k.v.p.: 2 minutes. 


. Tube positions: 30.5 centimeters each side of specimen. 


Holes at top of specimen. Marker on cassette. 


Factor Graph 
+4to—2 0 to —6 
(2) (3) 
Tops of holes 12 millimeters below top specimen. Marker on tray. 
+4 to —4 +2 to—6 
(2) (3) 


Tube positions: 15 centimeters each side of specimen. (Note smaller tube 
shift. ) 


Holes and marker at top of specimen. 


+12to 0 +8 to—2 
(6) (3) 
Tops of holes 12 millimeters below top of specimen. Marker on tray. 
+4to—8 +4 to —10 
(4) (5) 


Repetition of 1 with specimen turned 90 degrees about vertical axis. 
Holes and marker at top of specimen. 


+8 to +2 +2 to—2 
(5) (2) 
Tops of holes 12 millimeters below top of specimen. Marker on tray. 
+6 to—2 +2 to —2 
(4) (2) 


. Specimen: Steel, 5.1 centimeters. 
Exposures at 200 k.v.p.: 2 minutes. 


Tube positions: 15 centimeters each side of specimen. 
Marker on tray. 


Holes at top of specimen. (2 radiographs. ) 
+9 to +1 +3 to—3 
(6) (2) 
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Tops of holes 32 millimeters below top of specimen. 


+2to—4 +1 to—5 
(2) (3) 
Tops of holes 26 millimeters below top of specimen. 
| +3 to—1 +1 to —3 
(2) (1) 


From the above results it will be noted that the actual errors 
generally fall weil within the calculated maximum experimental er- 
rors so that in these examples, at least, the calculated errors allow 
sufficiently for variation in contrast and definition. This is particu- 
larly noteworthy in the three examples using specimen A since, with a 
light metal, variation in technique has a marked effect upon the ~on- 
trast (5). 

Using the straight line slope as a multiplying factor, we see 
that the results coincide quite well with those obtained by using the 
graph, particularly when the holes are close to the film. They be- 
come slightly more positive when the 5-centimeter samples are used 
and in this case it might be more accurate to use the factor obtained 
by measuring the slope of the best straight line drawn through and 
among the points on the curve, i.e., 1.78 instead of 1.875 for the 
6l-centimeter tube shift and 3.55 instead of 3.75 for the 30.5-centi- 
meter tube shift, as shown in Fig. 2. 

In order to test the method with regular samples, two which 
contained several blow holes were radiographed in the above manner 
and then sectioned to expose the holes. The results were as follows: 


Specimen: Steel Sprocket, 1.9 centimeters thick. (See Fig. 1.) 

Exposure: 2 minutes at 100 k.v.p.; High Speed Film, Copper Shot Blocking. 
Tube Positions: 30.5 centimeters each side of specimen. 

Marker on Tray. 


Distance of Center 
—of Hole to Bottom Casting—— 


-—Calculated— Errors Per Cent 

Depth Graph Factor Measured of 1.9 Centimeters 

Hole Mm. —Mm.— Mm. Graph Factor 

] l 3 2.5 25+0.5 +2.5 0 
2 l 6.5 6.5 55+0.5 +5 +5 

3 1 l 1 2.5 —7.5 —7.5 
4 1 5.5 5.5 5.5 0 0 

5 ] 3 2.5 3 0 —2.5 
6 2 2 2 3 as +5 +5 
7 2 5.5 5.5 6.5 + 1.0 —5 ==§ 
8 ; 4 3.5 6.5 —12 ~—15 


Specimen: Steel Bracket, 6 to 20 millimeters thick, 4 to 50 millimeters from 
cassette. (Fig. 3.) 





— 


| 
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Fig. 3—-Steel Bracket with Numbered Cavities Used to Test the Modified Double- 
Exposure or Stereoscopic Technique. Note How Consideration Must be Made of the 
Possibility of Losing a Flaw Image by Projecting it Under a Vertical Portion of the 
Specimen When Using Certain Tube Angulations. 
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Fig. 4—Half-Inch Steel Block Showing Decreased Sensitivity and Confusion of 
Detail in Massive Porosity Resulting from the Use of the Customary Double-Ex- 
posure Technique (Upper). The Separated Exposures in the Lower Picture May, 
in Addition, Be Used in a Stereoscopic Viewing Stand If So Desired. 
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Exposure: 5 minutes at 200 k.v.p. Noscreen film, 0.2-millimeter lead filter. 
Tube Positions : 30.5 centimeters each side of specimen. 
Marker 2.5 centimeters from cassette. 


Distance of Center 
—ot Holes to Cassette—— 





-—-Calculated— Errors Per Cent 

Depth Graph Factor Measured of 2.5 Centimeters 

Hole Mm. Mm. Mm. Graph actor 
1. 1.5 5 4.5 5.5 —2 —4 
2. 2 7 6.5 7 0 —2 
3. 2 5 4.5 6 —4 —6 
4. 4 6 5.5 6 0 =~ 
5. 4 54.5 56.5 55.5 —4 4-4 


On considering the irregular shapes of these holes, the errors 
are surprisingly small. The large errors in determining the position 
of hole No. 8 in the first sample were largely due to this source. 
The hole was elongated in an oblique direction and it was difficult 
to identify the same part of it in the two radiographs. 

In general, it can be said that, under the conditions of this 
work, the return to the use of two films instead of a double expo- 
sure on one is justified by the improvement in sensitivity from 4 
to about 1 per cent (Fig. 4). The decreased accuracy of the meas- 
urements appears to be practically negligible when reasonable care 
is taken. The chief drawback appears to be in the more complex 
calculations required in order to arrive at the simple measurement 
of image shift. However, in some circumstances these are simpli- 
fied because they cancel out the correction for the distance between 
the film and the top of the cassette. 
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DISCUSSION 


Written Discussion: By Leslie W. Ball, assistant technical director, Trip- 
lett & Barton, Inc., Burbank, Cal. 

The radiographer’s interest in stereoscopic methods is concerned with three 
factors, namely: methods, sensitivity and application. The author has pro- 
vided valuable data on the first two of these factors. A minor point in the 
text is that in Fig. 2 there appears to be no point in stating the type of film 
or in plotting curves for different films. 

In cases where the film is tilted instead of shifted horizontally relative to 
the tube, an added correction has to be made for the difference in image shift 
between defects located at the center and at the edge of the film. 

In practice, information about the position of the defect relative to the 
surface of the part is required, for three reasons: first, to predict if the defect 
will show on machining; second, to determine if the defect is located in the 
highly stressed outer fibers of the part; and third, in the case of repair, to pre- 
dict how deep the chipper will have to go. 

In general, knowledge of the characteristics of castings or thick welds 
allows the radiographic interpreter to make fairly accurate guesses of the loca- 
tion of defects relative to the metal surface. 


Oral Discussion 


H. E. SEEMANN: I wish to mention but one point in connection with 
Mr. Rigbey’s interesting paper. It seems to me that the procedure described 
might better be called a “parallax” rather than a “stereoscopic” method. If 
the X-ray tube shift (or specimen shift) is used to provide two different 
locations of the point of interest in a radiograph, or in a/pair of radiographs, 
so that measurements can be made and the position calculated, the word 
parallax is appropriate. A method in which the tube or specimen shift is 
used to provide the three-dimensional impression when the radiographs are 
viewed in a suitable holder is a stereoscopic method. 


Author’s Reply 


Replying to Mr. Ball, actually there is no point in making different curves 
for different film unless very different cassettes are used and the distance 
plotted from the top of the cassette instead of the film as we did here. We 
use two types of film, Noscreen with 0.2-millimeter lead filter in a cardboard 
holder and High Speed film with two calcium tungstate screens. Consequently 
there will be quite a difference in the distance from the top of the cassette 
to the film in the two cases. The graph that we saw was for High Speed 
film. You noticed that the curves cut the vertical axis at about 5 millimeters 
below the orgin and that is, I believe, quite an accurate measurement of that 
distance. If you lose your calipers by any chance, then you have a ready-made 
method, going about it the long way, of getting an accurate measurement 
of that quantity! 


“Physicist, Kodak Research Laboratories, Eastman Kodak Co., Rochester, N. Y. 
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In answer to Dr. Seemann, I see we are getting into trouble over 
terminology again. I had the same trouble last time when we tried to de- 
scribe the double-exposure method. It was brought out in the discussion of 
that paper that the term “double-exposure” should be used in those cases 
where two exposures are superimposed on the same film. The term “stereo- 
radiography” should be reserved for separate exposures on separate films. I 
decided that the term stereo might be used here due to the fact that if the 
tube shift is correct, the only difference between this and medical stereoscopy, 
as the doctor calls it, is the use of the lead marker and the scratch on the 
film. Those two pictures can then be mounted on the stereoscopic viewing 
screen and observed in depth. It might be called a modification of the 
stereoscopic method which enables the flaw positions to be calculated by 
measurement as well as optically. 

I would like to thank the discussers for their interest in the work de- 
scribed. The application of the method was not dealt with as that has been 
treated previously and the method, or modifications of it, used for many years. 
This work is, of course, avoided whenever it is possible to take a second 
radiograph at right angles to the first. It is a last-resort method to be used 
on parts of difficult shape. 

The term “parallax” is a more general and consequently better term than 
“stereoscopic”. As Dr. Seemann intimates, the latter applies only when the 
tube shift is of such dimensions that the films can be viewed in a stereoscopic 
stand without distortion. The correct perspective is obtained when the central 
rays of the two exposures converge at the same angle as that formed by your 
lines of vision at viewing distance. The greater the S.F.D. in relation to the 
viewing distance, the greater the stereo shift required. 2.5 times the S.F.D. 
divided by the viewing distance equals the correct stereo shift. A convenient 
table of tube shifts for stereoscopy appears below. It will be noticed that the 
small tube shifts required in the table would result in a greater percentage of 
error when making the measurements and hence a “parallax” method only 
would be generally employed. 





Stereo or Tube Shift (Inches) 





Viewing Distance 








S.F.D. |] nche: aT 
Inches 25 27 29 31 
rs ay, 214 2% ? 
28 2, 2% 2% 2% 
30 3 2% 2% 24 
36 3% 3% 3% 2% 
40 4 3% 31, 31% 
48 434 41, 4% 3% 
60 6 5% : 5 ly 4% 
72 7% 6% 6% 5% 
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BASIC ELECTRIC MELTING PROCEDURE FOR HIGH 
QUALITY ALLOY STEELS 


By A. L. Ascrx 


Abstract 


In this paper, the writer has described the melting 
problems of high quality alloy steels exclusively. 

Reasons for the lack of agreement between the steel- 
makers as far as a standard melting procedure is con- 
cerned are discussed. Then, assuming that the heterogene- 
ity of the ingot is not always clearly shown by photo- 
micrographs and photomacrographs, and particularly that 
this property is not measured by figures, he takes as a 
deternuning basis of this heterogeneity, the difference be- 
ween the longitudinal and transverse physical properties 
found in the forged ingots and points out the influence of 
the melting method on this heterogeneity. He describes 
the charge, melting and boiling periods, explaining the 
part played by the manganese-silicon ratio in the charge, 
the quantity of carbon and manganese remaining when 
the charge is melted down,,the time and quantity of the 
ore addition, the boiling ratio and temperature, etc. 

A definition of the white and carbide slags follows, 
their chemical and physical advantages and disadvantages 
being discussed while the decisive influence af the physi- 
cal processes on the quality of steels is specially pointed 
out. The solution of nonmetallic particles in the fluid 
steel at a high temperature and the fact that they are not 
precipitated when the steel solidifies in the ingot molds 1s 
discussed. 

Finally, he describes the addition of aluminum as 
harmful to the cleanliness of steel and a high silicon con- 
tent as very helpful to the surface condition of the ingots. 


REASONS FOR DIVERSITY IN MELTING PRACTICES 


BSERVATION of the technical literature, as well as of the 

different written and verbal discussions concerning electric 
melting procedures, discloses that many factors of decisive influence 
on heat or ingot quality have been interpreted in practice in many 
entirely different ways. 





A paper presented before the Twenty-sixth Annual Convention of the So- 
ciety held in Cleveland, October 16 to 20, 1944. The author, A. L. Ascik, 
metallurgical engineer, is superintendent of Steel Plant, Sorel Industries, Ltd., 
Sorel, Canada. Manuscript received June 5, 1944. 
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There seem to be several factors preventing the achievement 
of complete unity of view among steel-makers in regard to the melt- 
ing procedure. 

One of these reasons is the fact that steel-makers, producing 
various grades of steels for different purposes, interpret the melting 
procedure in their own way, recommending some methods which are 
supposed to improve the steel quality. For example, the casting- 
makers or commercial quality steel producers who, in 95 per cent 
of the cases, are satisfied by remelting the scrap and “killing” the 
fluid steel as soon as elements are adjusted, discuss melting pro- 
cedures with gun, aircraft or tool steel-makers, who, of course, could 
never obtain satisfactory results if they applied such procedures. 

Such discussions darken the melting problems instead of en- 
lightening them; they complicate the melting practice, particularly 
in the case of steel-makers making heats mechanically and by intui- 
tion rather than with a sufficient knowledge of what really occurs 
in the fluid bath during each individual period of the heat. They 
show an inclination to try any new suggestions but, applying them at 
the improper time and period of the heat, they are, in many cases, 
disappointed by the results obtained on trial heats. Consequently, the 
conviction that the “old method” was the best governs once more 
their melting practice. 

Therefore, before entering into such discussions, a distinction 
should be made between the different ultimate uses of steels made 
in electric furnaces. Opinions could then be exchanged on the de- 
tails of melting, supporting them by figures showing the metallurgical 
and economical results, as only on the basis of such figures can the 
best and most economical procedure for each particular case be 
found. This would also constitute a first step toward standardizing 
the melting procedure, which the writer strongly believes can be 
done and which would be most helpful to all steel-makers. 

The second reason worthy of mention lies in the question: “Is 
steel-making an art or a science?” The opinion that steel-making is 
an art still exists in the minds of many people. However, close ob- 
servation and careful experiments prove that it can be directed with 
almost theoretical accuracy from a scientific point of view. Particu- 
larly is this true in the case of the electric furnace, which is an 
apparatus with great chemical advantages, providing that the steel- 
maker is sufficiently familiar with them and applies them properly. 
The logic and hard eye of science directed on the hands and shovels 
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of the furnacemen, and at the same time checking the quality of the 
finished product, can eliminate many differences of opinion and, 
particularly, the “tricks” of steel-making. 

The third and most important reason is the fact that in many 
cases, the steel plants themselves fail to define clearly the quality of 
steels. Most opinions concerning the final quality of steels come 
from the customers and this does not seem in order. The steel 
plants must have the ways and means to determine the quality of 
their steels on the basis of the melting procedure applied by their 
melting department; yet, steel-makers are found who do not even 
know the quality of the steels they are making. Recently, some of 
them with years of experience in the manufacture of quality steels 
met considerable difficulty when certain specifications required spe- 
cial tests as, for instance, that of the top and bottom of each ingot 
of the heat. 


UNIFORMITY OF HEATsS, THE Most IMporTANT AIM IN MELTING 


Very important .questions arise for any steel plant producing 
high quality steels: How to ascertain whether the applied melting 
procedure gives the best possible results, how to know which melting 
procedure is the best, and finally, what determines the quality of the 
heat ? | 

It is well known in practice that individual heats, even though 
made in the same manner, do not show uniform results. One of 
the most important questions in steel-making, “What guarantees the 
uniformity of heats?”, has not found its answer up to now. Un- 
doubtedly, it depends upon the melting procedure applied and upon 
the accuracy with which all details of the melting procedure are 
performed. In practice, of course, errors are inevitable, particularly 
when melting disturbances occur and the furnace is out of the melt- 
er’s proper control. All steel-makers would like to find a melting 
procedure which would assure a good heat and ingot, even though 
disturbances were met; or, at least, would diminish the influence of 
these disturbances on the quality of heats. They would also like to 
discover some kind of test which would verify any melting procedure 
before the bulk of the tonnage is melted; in other words, a test 
which, applied on trial heats made by different methods, would de- 
termine which melting procedure gives the highest percentage of 
good heats or the highest uniformity of heats. 
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The aim of this article is to outline the results obtained by a 
melting procedure applied by the present writer for several years to 
high quality alloy steels, suggesting at the same time a method to 


test the melting procedure as well as describing the melting pro- 
cedure itself. 


Incot HETEROGENEITY A MEANS OF DETERMINING THE VALUE 
OF THE MELTING PRACTICE 





Melting is the first stage in which the quality of steel is created 

but, although some rules are applied during this procedure, there is, 
at the present time, no way of checking the quality of the heat dur- 
ing the melting period. 

The next stage is that of the solidified ingot. The property 
which determines the quality of the ingot is its heterogeneity. Micro 
and macro tests, when applied and interpreted properly, prove to be 
most helpful in demonstrating the chemical and physical hetero- 
geneity of the ingot; but nevertheless, they are not sufficient to find 
all the internal defects of steel. In many cases, it was found that 
steels made by various methods, in separate furnaces and showing 
different properties and qualities in the final products, appeared iden- 
tical under micro and macro tests. Therefore, it would appear that 
although some defects are discovered by micro and macro tests, 
others, which seem to be of an organic and consequently submicro- 
scopic nature, fail to be uncovered by them. Apparently, the nature 
of these defects depends upon the melting chemistry which is also 
the determining factor in obtaining a more or less heterogeneous 
ingot. All kinds of failures which the metallurgists often face with- 
out finding a clear reason for them, such as irregular fractures 
shown by the tensile test, low physicals, low impact figures, etc., 
are caused by the physical or chemical heterogeneity of the ingot. 
If a method were found to check the grade of this heterogeneity in 
a more definite manner, it would also be possible to verify the melt- 
ing chemistry or the melting procedure. 





















DIFFERENCE BETWEEN LONGITUDINAL AND TRANSVERSE 
PROPERTIES, A MEASURE OF INGOT HETEROGENEITY 





While looking for such a method, the following experimental 
investigation was made: a 25-inch square ingot was forged in steps 
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under a 2500-ton press, the ratio of reduction being 2, 4, 6, 8, 10, 12, 
14, 16, 18 and 20 to 1. The whole forging was cooled slowly during 
5 days, being normalized and annealed afterward. It was cut in sec- 
tions according to the forged steps and each section was heat treated 
individually to a yield point of about 45 tons. Tensile and impact 
tests in the longitudinal direction were then taken as shown in Fig. 
1, and the difference between the longitudinal and transverse tests 


L -Longituoinal Tensile lest 
T=7TANSVEPSG —-*- 
j= -- [z00's 
Le Longitudinal -*- 


Fig. 1—Diagram Showing Manner in 
Wich Tensile Test Specimens Were Taken. 


Table I 











No. Refining ——————Lad le Analysis of Heats—Per Cent———_—_—_—____, 
Heat Slag . Mn Si P S Cr Ni Mo Cu 
1910 White 0.32 0.74 0.38 0.019 0.017 0.81 3.05 0.31 0.19 
1916 White 0.34 0.78 0.41 0.021 0.018 0.79 3.11 0.31 0.16 
1924 White 0.32 0.77 0.36 0.018 0.015 0.78 3.01 0.32 0.21 


1929 Carbide 0.33 0.76 0.37 0.020 0.019 0.79 3.07 0.33 0.19 
1934 Carbide 0.33 0.79 0.36 0.019 0.017 0.76 3.03 9.32 0.20 
1938 Carbide 0.33 0.75 0.39 0.019 0.018 0.78 3.09 0.32 0.17 


1941 Black 0.32 0.79 0.37 0.017 0.015 0.77 3.07 0.30 0.21 
1946 Black 0.33 0.76 0.39 0.019 0.018 0.79 3.01 0.33 0.20 
1950 Black 0.34 0.75 ; ’ , 0.76 3.06 0.32 0.19 


on each step was considered an indication of the ingot heterogeneity. 
The bigger the difference, the more heterogeneous the ingot and the 
worse the heat or melting procedure. Elongation, reduction of area 
and impact figures are particularly sensitive to this kind of testing. 

These experiments were carried out on three different melting 
procedures made under the following refining slags: white, carbide 
and black. Three heats were made by each method. Boiling was 
applied in all cases. The tapping temperature was 1640 degrees 
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Cent. (2985 degrees Fahr.) and the pouring temperature 1580 de- 
grees Cent. (2875 degrees Fahr.). The steel made was of grade 
S.A.E. 3330 with addition of 0.3 per cent molybdenum. Ladle 
analyses from these heats are given in Table I. 
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Forging Reduction of Area 


Fig. 2—The Difference in Longitudinal and 
Transverse Elongation, Contraction and Impact 
Tests Between Forged Ingots Refined Under White, 
Carbide and Black Slags. 





Fig. 2 shows the final results on the basis of which a general 
conclusion can be made that the white slag method gives the highest 
and most uniform figures. Similar results were obtained by the 
writer in the course of his practice in several countries and plants. 
Whenever steels with high transverse physical properties or of the 
highest possible cleanliness were required, white refining slags gave 
the best results. 


Tue Curer Factors oF STEEL-MAKING 


Before recounting further details of the procedure, let us point 
out certain factors concerning the melting procedure which \are 
worthy of mention. They are more or less known but have not been 
sufficiently insisted upon either in the technical press or in daily 
practice. 

First of all, it should be kept in mind that steel-making is a 
battle against oxygen, no matter in which state or shape this element 
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exists, in the scrap or in the fluid bath. This is practically the whole 
essence of the steel-making chemistry. The quality and quantity of 
oxidizers and deoxidizers, the time and manner of their addition, 
their mutual quantitative ratio, etc., all these factors belong to the 
“strategy” of the battle against oxygen, applied through the whole 
melting procedure, from the moment the first drop of fluid steel 
appears under the electrode to the time the first drop of tapped metal 
falls into the mold. 

There are, in steel-making, both oxidation and deoxidation proc- 
esses which are of entirely different chemical directions and which 
must occur simultaneously. The proper temperature at the proper 
period of the heat and during the proper length of time is the most 
effective factor in the hands of any steel-maker in his battle against 
oxygen. 

Chemistry alone does not suffice to make a good clean steel. 
There are also some physical processes and, if they do not occur 
properly, the steel obtained is only of average or below average 
quality even through the chemical side of melting may be carried 
out in an almost flawless manner. 

The following can be considered as physical processes: the de- 
gasification of the fluid bath which depends on the time and intensity 
of boiling; the rising of nonmetallic inclusions during both the boil- 
ing and the refining period ; the fluidity of the slag and bath; the ratio 
of their adhesion; and the kind of surface contact between the slag 
and the bath. Upon these physical factors chiefly depends the effect 
of the refining period during which some deoxidation products are 
“thrown” out of the fluid bath and “caught” by the slag. The 
writer's own observation of the final results of heats has led him to 
believe that in the case of electric melting procedures, the physical 
processes often play a more important part than the chemical. The 
mutual relation of such little known properties of both the slag and 
fluid steel as fluidity, surface tension and adhesion, and their influ- 
ence on the cleanliness of steels, seems to represent a particularly 
wide field of investigation. 

The fourth factor is the necessity of keeping the melted steel as 
homogeneous as possible. Let us point out that this can be done 
only when the steel is in the furnace because in any subsequent 
stage of its manufacture, it is always internally segregated. 

As a matter of fact, steel is not even homogeneous at the fluid 
stage—this can easily be seen when observing the boiling slag. When 
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a large quantity of iron ore is added, the slag foams and rises up 
due to the violent bath action. After 5 to 10 minutes, the level 
of the slag falls creating the impression that the boiling intensity 
has diminished because the iron ore is “boiled out”. But, if instead 
of adding fresh ore a strong stirring is applied, the violent boiling 
action appears once more. This proves that the temporary dis- 
appearance of intensive boiling was not caused by the lack of iron 
ore but by the change of the carbon content on the surface or near 
the surface of the fluid bath. Therefore, the bath should be stirred, 
as boiling, which undoubtedly causes some mechanical movement of 
the fluid steel, is not sufficient to equalize the carbon content all over 
the bath. Moreover, practice demonstrates that when a fluid bath is 
kept without frequent and strong stirring, it gives almost invariably 
an ingot of only average quality. 

Taking into consideration that the specific gravity of fluid steel 
is around 7.14 and that this kind of “fluid” is very dense, it can 
easily be seen that there could be in the bath “spots” of different 
temperature or of different chemical composition. Moreover, similar 
“spots” can also be created by the addition of alloy elements. The 
problem lies in the solution of these elements in such a way that 
they be evenly divided in the fluid bath. In order to obtain this even 
distribution, and to avoid a bath which is very undesirable, strong 
and frequent stirring should be applied. 

Finally, the writer would like to underline a new factor which 
he believes can be called the “heat treatment” of the fluid bath. 
When the final results obtained on steel products are checked with 
the melting conditions, some indications are found which lead us to 
believe that some nonmetallic substances are dissolved in the fluid 
steel. The solution of these substances occurs slowly, yet once they 
are dissolved they are not precipitated again even during the ingot 
solidification. In other words, the ingot solidification can be con- 
sidered as some kind of “quenching”’ of the fluid steel. This quench- 
ing seems to start at tapping temperature and to finish at solidus 
temperature. The advantage of this procedure appears in the higher 
quality of the macro test. 


CONDITIONS OF A PROPER CHARGE AND MELTING PERIOD 


Passing in turn to the details of the melting procedure, let us 
underline that it starts when the first pool of fluid metal appears on 








1945 BASIC ELECTRIC MELTING 559 


the bottom of the furnace. If the scrap does not contain an ex- 
cessive quantity of phosphorus, there is no need to take special pre- 
cautions to remove it and the oxygen then attacks chiefly two ele- 
ments: silicon and manganese. Oxides of these elements create a 
wide scale of silicates, from very fluid to very hard. Melting con- 
ditions would be ideal if these nonmetallics were removed from the 
fluid steel almost at the same time as the melting of the scrap pro- 
gresses and the lake of fluid steel increases. 

The rising process of silicates depends first of all on their fluid- 
ity and then on their size. The more fluid the silicates, the easier the 
process of their coagulation and rising. Investigations of Herty, 
confirmed by Korber, Olsner and others, show that in order to create 
fluid silicates, a certain ratio of manganese-silicon must be kept and 
that the lowest ratio is around 2:1. Applying this rule to the electric 
melting procedure, it is found that in the case of scrap containing 
0.20 to 0.30 per cent silicon, a minimum of 0.50 to 0.60 per cent 
manganese is needed in order to create a fluid silicate. In reality, it 
is advisable to increase the theoretical ratio for the following reasons: 

a) To compensate-for the quantity of manganese which evapo- 
rates while the charge melts (brown fumes). 

b) To assure the origin of fluid silicates. 

c) To protect the carbon against excessive oxidation as higher 
carbon losses during melting mean excessive iron oxidation 
which is deadly for any steel-making. 

It is commonly known and found in practice by many steel- 
makers that heats which are melted with a low percentage of man- 
ganese are of poorer quality than those melted with a higher per- 
centage. Low manganese heats mean that there are many small hard 
silicates which do not rise and do not coagulate and, being dispersed 
in the whole fluid bath, create some kind of suspension which changes 
entirely the nature of the steel. Its fluidity, rolling or forging prop- 
erties, physical properties (particularly in the transverse direction) 
and many other properties are then quite different from those found 
when heats are melted with a higher percentage of manganese. 
Electrolytic analyses show that when steel inclusions contain over 
40 per cent SiO,, all kinds of production difficulties occur and even 
the best boiling and refining operations do not help much to improve 
the heat. 

What percentage of manganese should be obtained after the 
charge has been melted down? It seems that when the boiling period 
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is omitted, 0.30 per cent manganese in the first test should be con- 
sidered a minimum. When there is a boiling period, the quantity 
of manganese should be higher as it drops during the ore addition. 
It would be false to believe that by saving on the quantity of man- 
ganese added to the charge, the cost of steel is diminished as prac- 
tice shows that the expense of scrapping steel because of an insuffi- 
cient quantity of manganese during the different stages. of the heat 
is very much higher than the cost of the manganese. 

One rule should therefore always be kept strongly in mind, that 
the charge should contain an alloy in which the manganese to silicon 
ratio is on the side of fluid silicates. 

The second element which determines the quality of the heat is 
the carbon content remaining after the charge is melted down. While 
the common opinion is that a low carbon content, sometimes below 
0.1 per cent, is preferable, the writer’s opinion is that this practice, 
although successful for average commercial grade steels, does not 
give satisfactory results in the case of high quality steels. 

Low carbon contents are obtained when iron ore is added to the 
charge or when the quantity of.manganese in the charge is insuffi- 
cient. In both cases two very undesirable reactions occur: 


1) The strong oxidation of manganese when the presence of 
manganese is the indispensable condition for the fluid bath’s 
self-cleaning during the melting period. 


2) The more or less strong oxidation of iron when all oxidiz- 
ing elements, including carbon, are low. 


There is a general law for every steel-maker melting high quality 
steels: “Protect iron against excessive oxidation at any stage of 
melting”. This is the essence of correct melting chemistry. 

Once the iron is excessively oxidized, the refining period is so 
difficult that in many cases it is almost impossible to get a good 
heat. The reason why heats of low carbon alloy steels are considered 
the most difficult is that steel-makers are compelled to oxidize the 
iron excessively, as they must bring down the carbon content by 
adding more ore into the charge or boil down the carbon after the 
heat is melted. In both cases, it is unavoidable to introduce an ‘excess 
of oxygen into the bath because the carbon oxidation process pro- 
ceeds very stubbornly due to the fact that low carbon baths require 
higher carbon oxidation temperatures and more iron ore. If the bath 
is overheated and contains much dissolved iron oxide, the deoxida- 
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tion reactions during the refining period are restrained, as they are 
exothermic reactions. 

To summarize what has been said about the melting conditions 
of alloy structural steels containing around 0.30 per cent carbon, 
let us say that the first test taken once the charge is melted down 
should give the following results : 


1.—Heats made without boiling Carbon = 0.20: per cent min. or as near the 
aimed carbon as possible. 
Manganese = 0.30 per cent min. 
2.—Heats made with boiling Carbon = 0.40 to 0.50 per cent. 


Manganese = 0.45 to 0.60 per cent. 
This analysis will prove that, in conformity with the above practice, 
a) Large fluid silicates were created during melting 
b) Most of them rose during melting 
c) The iron (bath) was not overoxidized when melted. 


Tue BoIiLinc PERIOD 


Should the refining period be the next operation or should it be 
preceded by a boiling period? The writer’s experience is that when 
the ingots poured are not bigger than 25 inches and the final prod- 


ucts are below 8 inches, the boiling procedure may be eliminated and 
the refining period started immediately. In other cases, it is prefer- 
able to apply an additional boiling period before the refining, in order 
to have a higher class product. 

The commonly known purpose of boiling is the degasification of 
fluid steel. However, it would seem that this is not its only advan- 
tage. Careful metallographic investigations show that after boiling, 
the steel is cleaner and as a result, has higher physical properties 
particularly where transverse tests are considered. Moreover, the 
strong action of the fluid bath during boiling makes it more homo- 
geneous. It must be remembered that the melted bath is practically 
cold, therefore, we can assume that it presents a mixture of semi- 
fluid and fluid submicroscopic elements of different specific gravi- 
ties. This kind of fluid has a natural. tendency to internal segrega- 
tion and to avoid this, it must be stirred. Undoubtedly, the boiling 
action does this constantly. It is a commonly known fact that dead 
inactive baths once melted give defective heats. 

Before going into the details of the boiling period, the writer 
would like to state what he understands by “boiling”. Some steel- 
makers, adding iron ore into the charge, get a “boiling” bath imme- 
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diately after it is melted. They believe that the melting and boiling 
procedures can occur at the same time. When the charge is melted 
down, they immediately take off the melting slag and start the re- 
fining period. This method is, of course, the most economical but 
it is hard to admit that proper and effective boiling was applied. 
The iron ore in the charge cannot cause proper boiling at the same 
time as the melting occurs. It has to oxidize silicon, phosphorus, 
manganese and after these elements have been lowered, it must react 
with the carbon. It is well known that the lower the carbon is, the 
higher the boiling temperature must be. At the same time, the bath, 
immediately after being melted, is not hot enough, so in order to 
cause boiling, it is necessary to increase the iron ore concentration in 
the charge and practice shows that all heats made by this method 
contain so much ore that the first test, taken after the charge is melted, 
shows very low carbon and manganese contents which, as said before, 
proves that the bath has been overoxidized or even “burned” while 
melted down. This is the main objection to the opinion that the 
boiling period can occur simultaneously with the melting period. 

The principal factors upon which depends the success of the 
boiling procedure are the following: 

a) Time of boiling 

b) Temperature of boiling 
c) Quantity of iron ore used 
d) Rate of boiling. 

Inasmuch as the removal of hydrogen is considered, various 
theoretical and practical investigations made during the last six or 
eight years show that the strong action of the bath during boiling 
removes practically all the hydrogen in 25 to 45 minutes. This time 
is also sufficient to change the state of the relatively cold dead melted 
bath to a strongly reworked homogeneous fluid. It is also sufficient 
to cause the coagulation of a certain amount of smaller silicates 
which did not rise during melting or to remove another amount of 
them by physical process. The latter reaction relies upon the inti- 
mate contact between the fluid steel and the slag when the boiling 
action occurs. The slag washes out an amount of nonmetallic \par- 
ticles which rise only with difficulty. As the temperature of the 
metal increases during boiling all these processes occur under more 
favorable conditions. In practice, the boiling period can last around 
40 to 60 minutes while the boiling speed is around 0.18 to 0.25 per 
cent carbon boiled down per hour. This kind of boiling causes a 
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foaming slag which has a tendency to overflow through the furnace 
door. 

The next condition for proper boiling is temperature. The es- 
sence of boiling relies upon the removal of carbon and this reaction 
occurs better under higher temperatures. In practice, the best boil- 
ing temperature exists when 1 to 1.25 points of manganese are oxi- 
dized for every point of carbon boiled down. In other words, when 
the rate of carbon oxidation is 0.20 per cent per hour, the quantity 
of manganese oxidized should be 0.20 to 0.25 per cent per hour. 
If the boiling temperature is lower, the manganese is oxidized rapidly 
and there is a danger that the oxygen will attack the iron. If the 
boiling temperature is too high, there appears another reaction which 
also gives the same results, i.e., iron oxidation, according to the 
following reactions: 


MnO + Fe = FeO + Mn 


When this kind of boiling occurs, the manganese oxidation is 
of a lower rate than that mentioned previously or else this element 
after reaching a certain minimum increases. As an example let us 
quote the following : 


First test after charge was melted down....... 0.55 per cent manganese 
Second test taken 30 minutes later............ 0.38 per cent manganese 
Third test taken just before removal of slag....0.43 per cent manganese 


The final result of such boiling is the oxidation of the iron with the 
simultaneous letdown in boiling intensity due to the fact that the iron 
is attacked not only by the manganese oxide, but also by the added 
iron ore which, in reality, is destined exclusively to the removal of 
carbon and manganese. Although the problem of temperature con- 
ditions is one of the most important of the boiling procedure, it has 
been frequently neglected in practice. Experience shows that when 
boiling is carried out at the proper temperature, the refining period 
proceeds very smoothly and the heat always shows excellent proper- 
ties in all respects. 

Another point which should also be mentioned here is that when 
the boiling procedure occurs at a too high temperature it is entirely 
wasted as far as degasification is concerned. Heats which are boiled 
at a too high temperature, and which contain a too high quantity of 
manganese before the slag comes off, show the biggest tendency to 
being “wild” and the biggest sensitivity to “flaking”. It would mean 
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that the removal of hydrogen is limited to a certain maximum tem- 
perature and once this temperature is passed, the fluid bath dissolves 
more hydrogen than the amount removed by boiling. It would also 
appear that this solution of hydrogen occurs very quickly so that 
sometimes 10 to 20 minutes are sufficient to have more hydrogen 
in the boiled bath than before boiling. 

The quantity of iron ore to be added is strictly connected with 
the boiling temperature. In both cases where the boiling procedure 
is carried out at an either too high or too low temperature, an excess 
of iron ore has been added. The quantity of 4 to 6 pounds of iron 
ore for 1 pound of carbon gives the best results. 

In summing up what was said above about the boiling period, 
the following conditions can be said to assure the best boiling pro- 
cedure in the case of structural steels containing 0.25 to 0.40 per cent 
carbon: 


a) Boiling time 40 to 60 minutes 
b) Oxidizing rate of carbon................. 0.18 to 0.28 per cent per hour 
c) Oxidizing rate of manganese ............. 0.18 to 0.27 per cent per hour 
d) Iron ore used 4 to 6 pounds per 1 pound of 
carbon removed 
e) Manganese content before removal of slag.0.30 per cent minimum or 
0.35 per cent maximum 
f) Carbon content before removal of slag..... 0.20 per cent minimum 
If the boiling temperature will be such that all these conditions 
will be kept simultaneously, the difficulties in obtaining a good heat 


will be reduced to a minimum. 


THE ADDITION OF IRON ORE AT THE PROPER MOMENT, 
AN ESSENTIAL FACTOR 


Before bringing to an end the description of the melting and 
boiling periods, the writer would like to stress once more, this time 
from another point of view, how important it is that the iron ore be 
added at the proper moment. Fig. 3, representing the ternary dia- 
gram which depicts the viscosity relations, illustrates the following 
conclusions: 


A oes 68 Te * 
1. When ratio SiO, is higher than 32 and lower than > which 


corresponds to ratio 4 and 7, fluid silicates can be created 


Mn 
Si 


easily and the influence of the iron ore, even charged with 
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Fig. 3—Ternary Diagram Illustrating Viscosity Relations. 


the scrap, is not to be feared. In practice, however, the scrap 
dealt with does not contain such a high manganese-silicon 
ratio. 


MnO 68 55 
2. When ratio a is lower than 32 and higher than 45° which 


corresponds to ratio Mn 4 and 1.9 and which also represents 
the ratio used in practice, the quantity of iron oxides con- 
tained in the charge should not be over about 3 per cent as 
otherwise there is a possibility of creating intermediate sili- 
cates. 

The fact that the scrap itself contains around this quan- 
tity of iron oxides proves once more that iron ore should 
not be added to the charge before the silicates are created 
or, in other words, before the charge is melted. 


REFINING PERIOD 
DIFFERENCE BETWEEN CARBIDE AND WHITE SLAGS 


Before describing the details of the refining period, it might be 
useful to define “refining slags,” as often some steel-makers use 
the definition “white” slag for “carbide” slag and vice versa. These 
two slags are really quite different in every respect. Carbide slag is 
a mixture of lime and spar which, after fusing, is deoxidized by 
carbon-containing substances such as coke, powdered electrodes, an- 
thracite, etc. This slag, when cooled, is of a grayish color and it 
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emits a specific odor of acetylene when it is put into water. White 
slag is a mixture of lime, spar and sand which after fusing is deoxi- 
dized by 75 per cent powdered ferrosilicon. The color of this slag 
when disintegrated is white or very slightly grayish. 

Theoretically, the best deoxidation occurs under carbide slag 
as its products are gaseous and are removed from the fluid bath 
immediately and permanently. Practically, however, this slag does 
not seem to give the best results as, under carbide slag, the per- 
centage of doubtfully deoxidized heats is higher than under white 
slag. Apparently, this is due to the following reasons: 

1. It is a well known fact in metallurgy that where chemical 
procedures occur between slags and fluid metals, the hottest slags 
are the most chemically active. Carbide slag, for two reasons, must 
be of an exceptionally high temperature: Its melting point is rela- 
tively high and reactions of deoxidation and desulphurization by cal- 
cium carbide occur better in higher temperatures. 

Considering that the fluid bath and furnace are cooled during 
and after slagging, that the fusion of the mixture lime-spar takes a 
certain time and that, after it does become fluid it still remains cold 
for quite some time, it can be said that the chemical activity of the 
carbide slag during the first 25 to 35 minutes of the refining period 
is very low. 

Moreover, as in commercial conditions, the refining period lasts 
from 1 hour to 1 hour, 20 minutes, the average 40 minutes remaining 
under fairly warm slag is not sufficient to get an effective refining. 

In the case of white slag, conditions are quite different. A 
powerful exothermic reaction is obtained when the 75 per cent grade 
ferrosilicon is added to the slag. About 50 per cent of the addition 
is burned to SiO, heating the slag to a temperature which can never 
be attained by a carbide slag. This fact, coupled with low fusing 
point, results in a very active slag within 10 minutes of the fine sili- 
con addition. Consequently there is a corresponding increase in the 
refining action. 

2. The physical homogeneity of the carbide slag is much lower 
than that of the white slag. It can be easily observed in the furnace 
when using both slags. This must undoubtedly have an influence on 
the chemical activity of the slag which, when heterogeneous, does 
not react uniformly with the whole surface of the fluid bath. 

3. The deoxidation by carbide slag is due exclusively to the 


contact of the slag with the bath. The more intimate this contact 
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the better and faster the deoxidation reactions. As deoxidation 
products are gaseous, they have a natural tendency to rise and when 
doing this, they move the slag over the bath; at this moment, the 
contact slag-bath is ruptured. This process is continuous and occurs 
in numerous: places causing a foamy slag. These conditions are not 
favorable to reactions which first of all depend upon the contact of 
two substances. This disadvantage does not exist in the case of 
white slag. The bath is deoxidized by ferrosilicon which goes through 
the slag into the bath, keeping the contact slag-bath very intimate. 

4. Carbide slag, by nature, is not a very strong deoxidizer. 
When it becomes carbide, it does not mean that the bath has been 
sufficiently deoxidized but only that some kind of equilibrium has 
been established between the slag and the bath. In other words, the 
slag contains a certain quantity of iron oxide which is in chemical 
equilibrium with a certain quantity of oxygen in the fluid steel. 
These quantities, of course, depend upon the temperature. Carbide 
slag under the best deoxidation temperature still contains about 0.4 
per cent FeO. In the case of white slag, however, this quantity can 
easily be 0.1 per cent which corresponds to a lower oxygen content 
in the bath. This means that in the case of carbide slag, we approach 
the moment of final deoxidation (addition of ferrosilicon to the 
bath before tap) with a much higher oxygen content in the bath 
than in the case of white slag where some silicon is introduced in the 
early stages of the refining period. This is the essential difference 
between the refining processes under white and carbide slags. 

When the final silicon addition is made shortly before tapping, 
the fluid steel is of almost tapping temperature. According to Chip- 
man’s diagram, Fig. 4, the higher the temperature at the moment of 
deoxidation, the greater the free oxygen equilibrium in the bath. In 
the case of white slag, the deoxidation by silicon is started immedi- 
ately after the refining slag is melted. At this stage, the temperature 
of the fluid bath is the lowest and, consequently, the quantity of free 
oxygen in equilibrium must also be the lowest. 

An objection, from the theoretical point of view, can arise here 
against the statement that steel refined under white slag contains less 
free oxygen than steel refined under carbide slag when in both cases, 
shortly before tapping, there is the same silicon content and the same 
bath temperature. Practice, however, shows that steel made under 
carbide slag contains, in the above mentioned conditions, 50 to 100 
per cent more oxygen than steels made under white slag. This is 





568 TRANSACTIONS OF THE A. S. M. Vol. 35 


due to the fact that the concentration of the equilibrium ingredients 
does not change immediately after the temperature is changed. Fluid 
steel has a very high degree of inertia so that, once the fluid steel is 
deoxidized at a low temperature, it maintains less free oxygen, even if 
heated up to a higher temperature afterwards. 

The writer’s own investigations show that steels refined under 
white slag contain around 0.004 to 0.006 per cent oxygen and steels 


tower. 
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Fig 4—Silicon-Oxygen Equilibrium Diagram (Chipman). 


refined under carbide slag 0.009 to 0.012 per cent oxygen. These 
figures were recently confirmed by the Carnegie Institute of Tech- 
nology which found that steel made under white slag, at the writer’s 
present plant, contained 0.004 to 0.005 per cent oxygen. 

5. The action of carbide slag in creating some kind of foam 
lowers its viscosity. Consequently, such an important physical proc- 
ess as the scouring out from the fluid bath of nonmetallic particles 
is not so intensive as in the case of white slag which adheres closely 
to the bath. 

6. When examining under low magnifications the fractures of 
heat treated disks prepared from structural steels made under car- 
bide slag, numerous small, white, shining cavities can very often be 
observed. There exists a thesis that these are caused by precipitated 
carbon monoxide dissolved in the fluid steel during the refining 
period. Some steel-makers, when making steels under carbide slag, 
always keep the furnace door slightly opened in order to avoid strong 
carbide slag and excessive pressure inside the furnace as both these 
factors favor the solution of carbon monoxide. Of course by so avoid- 
ing excessive pressure and strong carbide slag, they diminish the 
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chemical action of the slag as cold air introduced into the furnace 
cools the slag surface. A more effective method would be to have 
larger peep holes in furnace doors, and keep them constantly clean. 
The possibility of a carbon monoxide solution in the fluid steel and its 
further precipitation should also be regarded as a disadvantage of 
the carbide slag. 

It may be concluded from the foregoing in regard to the refin- 
ing period, that white refining slag is superior to carbide refining 
slag for the following reasons: 

a) The deoxidation procedure starts when the bath is at the 

lowest temperature. 

b) The contact slag-bath is more intimate. 

c) The slag contains less iron oxide. 

d) The bath is killed long before tapping thus allowing more 
time for the physical process of removing the deoxidation 
products. 

e) The slag attains a higher temperature which is the cause of 
its higher reacting effectiveness. 

f) Silicon is introduced into the bath gradually so the ratio of 
manganese-silicon is favorable to the formation of very fluid 
and easily coagulating silicates. 

g) The high viscosity of the white slag facilitates the physical 
processes of washing out the nonmetallic particles. 


Heat TREATMENT OF THE FLUID BATH 


When very high physical properties are required, particularly in 
the transverse direction, steel, which after different metallurgical in- 
vestigations does not seem to present any objectionable features, 
sometimes shows more or less irregular physical properties and frac- 
tures. Special attention paid to the pouring practice, the shape of the 
mold and ingot as well as to the heat treatment of the rolled or forged 
products does not solve these problems and, in most cases, the state- 
ment, that intercrystalline or interdendritic fractures cause the fail- 
ures, closes the question. 

Undoubtedly, the definition “intercrystalline’ or “interdendritic” 
fracture is right and this kind of fracture is caused by some organic 
defects in the steel. Long investigations during which the melt- 
ing department and laboratory worked in close co-operation were 
carried on in an endeavor to find the reason for these defects. Asa 
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result, we dare to say that the fluid steel before it is tapped must be 
submitted to some kind of a heat treatment in the melting furnace. 
As in any heat treatment, there are some critical temperatures above 
which a sphere of solution exists and there are also one or more 
ingredients which, once dissolved, are not precipitated during all 
further processes of the steel manufacture. If the process of clean- 
ing the fluid steel by creating fluid silicates and that of their raising 
and washing out by slag are considered more closely, it will probably 
be correct to say that all silicates are not made fluid and all fluid 
silicates do not rise. Fluid steel contains in suspension numerous 
submicroscopic nonmetallic particles of certain types, which never 
rise. In order to visualize better this phenomenon, let us say that 
this suspension is created as though the steel were turbid when fluid. 

The question now arises of how persistent this suspension is 
when the temperature of the fluid steel is raised. It appears that 
these particles are dissolved in fluid steel and that the quantity dis- 
solved depends upon the temperature. Besides the suspension created 
by silica or silicates, the small quantities of phosphorus and sulphur 
in the steel also constitute a problem which, as yet, has not been very 
well explained. 

Nobody pays special attention to these elements considering that 
their average content in steel is about 0.02 to 0.025 per cent. How- 
ever, it seems that this problem cannot be overlooked. It is well 
known that both these elements create phosphorus-sulphur-oxygen 
eutectics. When they are present in larger quantities as for instance 
in pig iron, they are usually precipitated on the grain boundaries. 

In the case of steels, however, we can meet them in both shapes: 
dissolved or precipitated. This depends upon the temperature exist- 
ing during the melting procedure. It is a well known fact that when 
making steels of high machinability, containing high phosphorus and 
sulphur, both these elements should be added at a high temperature. 
When added at low temperatures, their combination with oxygen 
creates a distinct network on the grain boundaries. Ingots of such 
structure very often crack when rolled. The iact that the network 
may be more or less indistinct or, in the best of cases, not exist at 
all, proves that these elements can be dissolved in steel with no pre- 
cipitation following. The solution process depends only upon the 
temperature. 

Transferring these observations to steels containing normal 
quantities of phosphorus and sulphur, we can suppose that there is 
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too little of each of these elements to create large coagulated precipi- 
tations placed on grain boundaries and that small quantities existing 
are precipitated and dispersed rather on interdendritic boundaries. 
This weakens the cohesion between dendrites and, as a result, gives 
irregular fractures and lower physical properties. Some experiments 
concerning the influence of the refining and tapping temperatures on 
fractures, physical properties and macro tests were made in an effort 
to avoid the sulphur-phosphorus chemical combination being precipi- 
tated or dispersed on the boundaries of the dendrites and keeping also 
in mind the soluble suspension of submicroscopic silica and silicate 
particles. It was found that the higher the tapping temperature, the 
better the macro tests, the more regular the fractures and the higher 
the physical properties (particularly in the transverse direction). 
Moreover, it was found that fluid steel must be kept at a high tem- 
perature at least 30 minutes before tapping. Finally, the degree of 
temperature depends upon the grade of steel and chiefly upon the 
carbon content which, as is known, decides the temperature point on 
the solidus curve. This is very similar to quenching temperatures 
which lie above the Ac,. 

Inasmuch as the grades of structural steels are considered, it 
seems that there are two critical temperature points: one around 1605 
to 1610 degrees Cent. (2920 to 2930 degrees Fahr.) ; another around 
1630 to 1635 degrees Cent. (2966 to 2975 degrees Fahr.). The 
structural steels tapped at 1610 degrees Cent. (2930 degrees Fahr.) 
or below generally show poor macrostructures; tapped at 1635 
degrees Cent. (2975 degrees Fahr.) or below, they show fair macro- 
structures, and tapped above 1635 degrees Cent. (2975 degrees 
Fahr.) they show excellent macrostructures. At the same time, 
physical properties and fractures are considerably improved. Fig. 
5, a, b, c, presents three macro tests of three different heats tapped : 
(a) at 1610 degrees Cent. (2930 degrees Fahr.) ; (b) at 1635 degrees 
Cent. (2975 degrees Fahr.); (c) at 1650 degrees Cent. (3000 
degrees Fahr.). The grades of steel poured are those shown in 
Table I. All three heats had the same charge consisting of rolled 
crop ends from the same heat made in an open-hearth furnace, and 
were practically made in the same way until the refining period. The 
heat represented by Fig. 5 (a) was refined under white slag at 1610 
degrees Cent. (2930 degrees Fahr.) during 1 hour, 30 minutes; the 
heat represented by Fig. 5 (b) was refined under similar slag but 
the temperature 35 minutes before tapping was 1630 degrees Cent. 
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Fig. 5—(a) Macro Test of the Ingot Tapped at 1610 Degrees Cent. (2930 Degrees 
Fahr.). (b) Macro Test of the Ingot Tapped at 1635 Degrees Cent. (2975 Degrees 
Fahr.). (c) Macro Test of the Ingot Tapped at 1650 Degrees Cent. (3000 Degrees 
Fahr.). All pictures were taken from top of the 25-inch ingot forged for 12-inch round 
and on 2-inch radius from the center of the ingot. 


(2966 degrees Fahr.) when measured on the spoon and 1635 de- 
grees, Cent. (2975 degrees Fahr.) in stream; the heat represented 
by Fig. 5 (c) was heated up to 1650 degrees Cent. (3000 degrees 
Fahr.). We concluded from this experiment that high temperature 
at the end of the refining period causes the solution of a considerable * 
quantity of nonmetallic particles of larger or smaller concentration, 
which are usually discovered by macro test and that once they are 
dissolved, they are, practically speaking, not precipitated even during 
the ingot solidification. Of course, the bigger the ingot and the 
longer the solidification period, the more probable the precipitation 
of these particles. Practice shows, however, that the precipitation 
is practically insignificant up to about a 32-inch ingot. 
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This process of heat treating the fluid steel is, in certain cases, 
strictly connected with the results of the normal heat treatment. We 
find that when the heat is properly treated in the melting furnace, 
the soaking time before the normal quenching can be cut by 20 to 
30 per cent. Also, the tempering times are considerably cut and the 
products show very uniform physical results. 


INFLUENCE OF STRONG DEOXIDIZERS, PARTICULARLY ALUMINUM, 
ON THE CLEANLINESS OF STEEL 


When melting high quality steels, the deoxidation method is the 
principal determining factor of the cleanliness of steel. Based upon 
many observations, the writer is of the opinion that the manganese- 
silicon deoxidation method gives the cleanest steels. Both these ele- 
ments are natural and basic constituents of all steels and when intel- 
ligently handled, they give the cleanest steel. As mentioned before 
(Chipman’s diagram), these two elements alone do not completely 
deoxidize because of a certain quantity of residual oxygen remain- 
ing in the fluid steel. This dissolved oxygen, however, has not much 
influence on the physical properties and even less on the cleanliness 
of the steel. It is probably precipitated during the ingot solidifica- 
tion and reacts with the carbon, silicon, manganese and iron but the 
products of these reactions being very finely dispersed in the whole 
mass of steel do not create any larger coagulation as the steel in the 
ingot mold freezes relatively fast. 

A quite different phenomenon appears, however, when, by the 
addition of aluminum, a stronger deoxidation occurs. As the chem- 
ical affinity of this element to oxygen is several times higher than 
that of silicon, it reacts with the residual oxygen creating solid alu- 
minum oxides which do not rise. They remain in the steel perma- 
nently and, which is worse, increase in size by creating aluminum 
silicates. 

This reaction is particularly dangerous when the silicon is added 
just before tapping. At this moment, the steel is at the highest tem- 
perature and according to Chipman’s diagram, the quantity of re- 
sidual oxygen after the addition of silicon is very high. The alumi- 
num addition which follows reacts with the oxygen and all efforts 
of the steel-maker to obtain a clean steel are in vain. An even 
worse practice is sometimes applied when the silicon and aluminum 
are added together in the ladle. When this kind of final killing is 
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applied, it is almost certain that transverse physical properties and 
magnaflux tests will show less than average results. Similar results 
are met when using certain ferro-alloys, as some of them contain as 
much as 16 per cent aluminum. The writer has had an unpleasant 
experience in manufacturing aircraft steels and forings (exhaust 
valves) when using certain grades of ferrovanadium or ferrotitanium 
containing high quantities of aluminum. 

Nevertheless, it seems that aluminum can be used with success 
if two conditions are carefully watched: that the bath already con- 
taining some silicon be as cold as possible and that the aluminum be 
added as long as possible before tapping. In practice, the procedure 
would be as follows: after slagging, about 0.15 per cent silicon would 
be added to the bath containing the aimed quantity of manganese 
and 10 to 15 minutes later, the necesessary quantity of aluminum. 
However, this quantity should not exceed 0.04 per cent. The writer 
cannot recommend this procedure as a certain one as he has never 
applied it on a large tonnage of melted steel, but the addition of 
aluminum must be carried out carefully. 




















HiIGHER SILICON CONTENT IN FINAL ANALYSIS, A HELPFUL FACTOR 






















Finally, a word should be said about the quantity of silicon in 
steel. Almost all specifications forecast the silicon content as 0.30 
per cent max., some of them 0.35 per cent max. Keeping these limits 
in mind, the steel-makers add quantities of silicon which result in 
the final analysis showing a silicon content below 0.30 per cent. 

Yet, nobody can explain or prove whether or not, in the case of 
structural steels (those for carburization excepted), a silicon content 
as high as 0.45 per cent is harmful. On the contrary, from the steel- 
making point of view, this element shows great advantages. Close 
observations prove that steels containing over 0.33 per cent silicon 
show the following advantages : 

1. A spoon test poured in a small mold shows a very smooth 

steel solidification without any turmoil. 

2. The ingot surface is better. 

3. There are many less blowholes under the ingot surface. 

4. The fluid steel is not so greatly affected by poor mold prep- 

aration. 

It would, therefore, seem that steel-makers should require a 
change of specification as far as silicon is concerned and 0.45 per 
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cent as a maximum would not introduce any complications either in 
the heat treatment or in any other physical properties of the steel 
but on the contrary, would be of great help to steel-makers who 
experience great difficulties in ingot conditioning in the manufacture 
of high quality steels. 
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DISCUSSION 


Written Discussion: By T. W. Hardy, vice-president and director of 
metallurgy, Atlas Steels, Limited, Welland, Canada. 

We would like to congratulate Mr. Ascik on the presentation of an inter- 
esting paper on a very important subject. As Mr. Ascik was formerly a valued 
member of our organization and since considerable tonnage of gun steel was 
made in our plant according to his ideas and under his personal supervision a 
brief discussion of the practical results obtained may be of interest at this time. 

Since a perusal of Mr. Ascik’s paper indicates that he has modified his 
ideas and practice since he left us, it should be emphasized that these remarks 
refer to the practice followed by Mr. Ascik at our plant about two years ago. 
The salient feature of that practice may be summarized as follows: 

Melting and Oxidizing Period 

(1) When melted, the bath should contain 30 points more carbon than 
desired in the finished steel. 

(2) A high content of manganese was maintained throughout the boiling 
period, which was carried out at high temperature. 

(3) Approximately 30 points of carbon were boiled out over a period 
of about 1 hour, ore being added in small lots. 

(4) After about 20 points of carbon had been boiled out, about 34 of the 
slag was removed. Fresh lime, spar, and sand were added and when the carbon 
had been reduced to the desired extent a complete “slag-off” was made, care 
being taken not to reduce the carbon any lower than necessary. At the time 
of slag-off the carbon content of the bath was about 5 points under the range 
(30-35) and the manganese content about 5 to 10 points higher than the carbon. 
Refining and Finishing Period 

(1) After the slag-off, a new slag was made of lime, sand, and spar. 
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(2) Manganese to the low side of this range was added as soon as a 
fluid slag was obtained. 

(3) Finely ground ferrosilicon (75 per cent grade) was added to the 
slag to deoxidize it. No carbon in any form was used for this purpose. A 
feature of Mr. Ascik’s practice was that as soon as this slag began to shape 
up, silicon from the slag found its way into the steel, which became progressively 
deoxidized at an early stage in the refining period. Consequently, additions 
of silicon at the end of the heat were not ordinarily made. 

(4) Heats were held under a white slag for a minimum of 2 hours at 
a temperature that increased gradually from 2900 degrees Fahr. (1595 degrees 
Cent.) at slag-off to 3020 degrees Fahr. (1660 degrees Cent.) at tap. 

(5) Mr. Ascik was opposed to the use of aluminum as a final deoxidizer. 

It is a matter of record that a large number of heats were made according 
to this practice under Mr. Ascik’s supervision in our plant and that these were 
generally characterized by exceptionally fine transverse properties. On the 
other hand, it is also a matter of record that during the spring and summer 
months when the humidity was high we had an abnormally high percentage of 
heats that had to be scrapped due to “hydrogen wildness”. 

It has been demonstrated beyond doubt in our plant, that Mr. Ascik’s 
method, as then practiced, gave us steel that was much more susceptible to 
gassiness than that produced by methods more generally used on this continent. 
This fact, plus the practical objections that the long times and high temperatures 
involved were excessively hard on the furnace refractories, resulted in our 
abandoning the method in favor of our present more or less conventional practice 
which is giving us good physicals without any difficulties due to gas. 

In conclusion we should like to point out that there is not the wide dif- 
ference between Mr. Ascik’s white slag and the so-called carbide slag that Mr. 
Asick’s paper would seem to suggest. Many operators use fine silicon with 
or without carbon to shape up their finishing slags, especially on low carbon 
steels, and the use of a slag containing appreciable amounts of carbide is by no 
means general on this side. The use of fine silicon in this manner greatly 
speeds up the deoxidation of the slag, but ordinarily it is not used in sufficient 
amounts to permit any appreciable increase in the silicon content of the bath. 
The important feature of Mr. Ascik’s finishing practice on the other hand is the 
progressive deoxidation of the bath by fine silicon introduced slowly through the 
slag, resulting in the early incorporation of an appreciable silicon content in 
the bath and a problem in silicon control. 

As was mentioned at the outset of this discussion a perusal of Mr. Ascik’s 
paper indicates that he has modified his ideas and no longer insists on boiling 
in every case, and that he no longer advocates a partial slag-off during the 
boil. It also appears that the temperatures recommended for boiling and re- 
fining have been lowered and the time of refining shortened. It would be in- 
teresting to know if these changes were prompted by a desire to eliminate or 
moderate the gas trouble. 

Written Discussion: By Gilbert Soler, superintendent of quality, Steel 
and Tube Division, The Timken Roller Bearing Company, Canton, Ohio. 

The author is to be commended for presenting an outstanding paper on 
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electric steel-making. His paper emphasizes the extreme importance of attention 
to the many details required in successful melting practice. Certain of the au- 
thor’s scientific explanations of his practical observations are not in agreement 
with commonly accepted theories of physical chemistry. However, in the main, 
Mr. Ascik has proven his philosophy, that the art of steel-making can be largely 
reduced to a science by close observation and careful experiments. 

The ladle analyses of the nine experimental heats shown in Table I in- 
dicate the ability to duplicate chemistry to a narrow range. It is surprising 
that phosphorus and sulphur contents should be so nearly alike for heats melted 
under white, carbide, and black slags, respectively. If analyses of tapping slags 
are available, it is suggested that they be included in the data tables. 

Examination of the physical properties illustrated in Fig. 2 shows that 
forging reductions in the range 8:1 to 14:1 increases the difference between 
longitudinal and transverse properties of steels made under black slags at a 
greater rate than steels made under white slags. Similarly, the same properties 
are obtained with white slags at 12:1 forging reduction as are obtained from 
black slags at 6:1 forging reduction. Does this indicate that mold size and 
reduction in section by forging has a greater influence on physical properties 
than melting practice? 

The value of stirring the bath frequently in producing homogeneous metal 
is well emphasized by the author. Some physical chemists may differ in their 
explanation of the mechanism, feeling that stirring provides a surface to initiate 
the carbon boil rather than attributing the action to differences in carbon 
concentration in the bath. Some physical chemists may also disagree with the 
author’s statement that certain nonmetallic oxides such as silicates can be 
dissolved in the steel and prevented from later precipitation during solidification 
by the quenching action of the mold. There is, however, no question that a heat 
of steel should be tapped hot in order to obtain clean steel as judged by the 
macro etch test. 

Mr. Ascik discusses thoroughly the differences between carbide and white 
slags and their relative deoxidizing action. He states that steel-made under car- 
bide slag contains 50 to 100 per cent more oxygen than found under white 
slags. Is this conclusion based on oxygen analyses taken from rapidly-cooled 
samples of molten metal or from slow-cooled samples? Steel-makers in the 
United States, finishing heats under carbide slags, in many cases combine this 
slag practice with early deoxidation at slag-off using an addition of 0.10 per cent 
silicon of 0.025 per cent aluminum. This practice will insure a low initial 
oxygen content under the finishing slag. As to sulphur and phosphorus, steel- 
makers will agree that these elements should be kept low and grain boundary 
precipitation should be avoided. 

Aluminum additions are required for most steels produced in the United 
States in order to meet grain size specifications. Additions are made to the 
furnace if at all possible. By careful attention to the timing and order of 
aluminum additions, clean steel has been made to close magnaflux specifications 
in considerable quantity by the major producers of aircraft steel. 

Most specifications for silicon content of alloy steels require 0.35 max. It 
is agreed that high final silicon is helpful under certain conditions; especially 
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when aluminum is not used. High silicon content of 0.45 silicon or more may 
result in a tendency towards brittleness in certain medium carbon high alloy 
steels. This is indicated in certain of the NE 9000 series steels. 


Oral Discussion 


W. J. Reacan:* This paper is interesting and makes an interesting picture 
of alloy steel production. However, I do not believe that the American 
electric steel-making fraternity can accept many of these data as a procedure 
to make quality steel. Many thousands of tons of steel of similar types 
have been made in this country with an entirely different practice and their 
steel has met all quality specifications demanded. When we attempt to tie 
down certain factors to melting practice we find so many variables that it 
is impossible to find any correlation. 

I am sorry that there are not a great many figures for many heats showing 
slag analyses, metal analyses and a log of a number of heats. To this should 
be added physicals on many heats and then we can form some conclusions. 

As far as transverse properties are concerned we find a very small ton- 
nage of electric furnace steels made in this country which are subject to 
transverse physical tests. 

Regarding the manganese-silicon ratio in the charge, I can see no value 
from this item. In the first place in a tonnage shop with the wide analyses 
of scrap now being used it is impossible to maintain this ratio. Secondly I do 
not believe the author has presented data to prove this ratio of value. 

Regarding high manganese as being an indication of clean steels, we often 
find that high manganese indicates a lack of sufficient oxidation in that heat 
with an indication of dirty steel. 

Regarding the writer’s comments on a vigorous boil, we believe in it 100 
per cent, knowing it is one of the essentials to clean steel. 

Confirming Mr. Soler’s comments, there have been many thousands of 
tons of steel made with aluminum additions to control grain size, and quality 
has been all that was desired. 

I can see no need of higher silicons in our steels as high silicon pro- 
duces brittleness and futhermore when a large percentage of our steels have 
substantial additions of aluminum we have little need for higher silicons. 

Regarding the oxygen in our steels, we learned from a paper given by 
John Marsh on yesterday’s program’ that oxygen in the steel, both under the 
oxidizing and finishing slag, is a function of the carbon in the bath, all of these 
figures for oxygen of course being determined before any deoxidizing materials 
have been added to the bath. 

Furthermore, we still have no idea whether a 0.005 per cent oxygen or 
a 0.01 per cent oxygen is preferable in making quality steels. 

I believe the author has made a lot of assumptions that have no data to 
back them. 

I would like to ask the author what the tons per hour output of these 
furnaces is in making the type of steel discussed. A great many plants in this 
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country have made similar steels at rates of 10 to 12 tons per hour and the 
writer has had experience in making similar types by a special process at rates 
of 20 to 25 tons per hour. 


Author’s Reply 


Mr. Hardy points out that while we worked together, we used a longer 
melting procedure than the one mentioned in this paper. As he will remember, 
we experienced considerable difficulty in meeting the specified physicals when 
we started to produce the forgings from which the transverse tests were taken 
—40 to 60 per cent of the quantity tested were rejected on the first test. This 
restricted the capacity of the heat treatment department, cutting it practically 
in two, and increased the testing costs. At that time, the writer suggested 
a melting procedure which was sure to give better results. It was longer than 
the normal procedure, but was advisable under the circumstances, in order 
to produce as many forgings as possible which would pass the tests. The 
records show that under this procedure, over 95 per cent of the forgings 
passed the first test. Considering the specifications to be met (two tensiles, 
two impact tests and two bend tests from each end of ingot), this result was 
considered a big improvement on the former situation. We made about 20,000 
tons of steel without losing one ingot because of physical properties or 
wildness. 

The writer was indeed surprised that, during early summer, we had some 
wild heats due to hydrogen wildness. Unfortunately, he was unable to pursue 
his investigations along these lines, as he was transferred to another plant 
by Government authorities. 

After having observed the steel-making conditions on this continent, the 
writer agrees with Mr. Hardy that the humidity of the air has a very big 
influence on the final quality of steels, particularly when plants are located 
near lakes or big rivers. Observations show that more reducing conditions 
kept in the furnace result in more hydrogen dissolved in the steel. These re- 
ducing conditions, of course, occur not only in the case of white slag, but 
also in the case of carbide slag. The writer believes that any steel plant 
which has to produce high quality steels should observe closely all atmos- 
pheric conditions. 

The writer does not agree with Mr. Hardy that there is not a wide dif- 
ference between white slag and so-called carbide slag. The deoxidizing pro- 
cedure is quite different in each case. When white slag is used, silicon acts 
on the bath, giving as a result SiO. which decreases the basicity of the slag 
and increases considerably the temperature of both the bath and slag due to 
highly exothermic reactions. This causes both the bath and slag to become 
very active as far as chemistry of steel-making is concerned and their in- 
timate contact created by these conditions cleans the bath very effectively. 

Carbide slag represents a method of slow deoxidation, the products of 
which are gaseous. One of the purposes of the writer in presenting this paper 
was to investigate, by the preparatory work, whether or not various 
deoxidation methods known in practice give any significant differences in the 
ingot quality. It seems to the writer that the results presented suggest quite 
strongly that the three deoxidation methods used give very different results. 
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Some operators use fine silicon especially, as Mr. Hardy says, on low 
carbon steels. They usually do this in one of the following instances: 

1. When the bath is overoxidized when melted or boiled and it is 
very difficult to obtain a disintegrating slag at the standard time of the 
procedure. 

2. In the case of low carbon steels, fine ferrosilicon is used rather 
as a matter of precaution than for necessity as the operators fear that 
the excess use of coke or carbon will carburize the bath of low carbon 
contents and make the heat off analysis. 

As Mr. Hardy will remember, the writer never insisted on a boiling pro- 
cedure in every case, and it is a matter of record that while working together, 
we made a bulk of steel tonnage without boiling and we obtained very good 
results on transverse physicals. Following this, the boiling period was 
dropped in the case of smaller ingots. 

The modified procedures presented here were applied to the conditions 
of this continent. Using one of them for a long time, the writer had about 
0.8 per cent of scrap due to hydrogen wildness. This, however, was greatly 
compensated for by better physicals and lack of many reheat treatments. 

Replying to Mr. Soler’s discussion, the writer dared to explain, in a 
scientific way, his practical observations as he did not intend to ignore some 
very interesting phenomena of steel-making and, moreover, considering that 
all steel-makers feel that many very essential problems and factors in steel- 
making have yet to be clearly explained. The writer’s wish was to offer an 
hypothesis to this audience for the purpose of hearing its reactions. 

Scrap with low phosphorus and sulphur contents was especially used for 
these nine heats in order to avoid both dephosphorizing and desulphurizing 
procedures as the main purpose of the investigation was to find the influence 
of the deoxidation methods on the internal ingot structure. The scrap con- 
sisted of rolled carbon steel crop ends. 

Analyses of the tapping slags were made only for typical elements and 
gave the following results: 


SiOz FeO 
Per Cent Per Cent 
ee ON ag i bbe nese o 28 to 32 0.1 to 0.14 
Gee wee ee ak cieet pate 20 to 24 0.40 to 0.45 
RIE 0 SeeSL ges we ga vg cake 19 to 22 4.0 to 6.0 


The difference between longitudinal and transverse physicals (when the 
same forging reduction is calculated) is higher in the case of dirtier steel. 
When speaking of dirty steel, the writer does not refer to certain nonmetallic 
inclusions visible under the microscope. This is perhaps one of the factors which 
should be the least considered as it appears only sporadically in steel plants 
of longer steel-making traditions. The matter is that the reason for dirty 
steel lies, in most cases, in the whole mass of steel or in the whole solidified 
ingot. 

We mention in our paper that steel-making is a battle against oxygen 
and we especially used three slags containing different oxides in order to find 
its influence on the homogeneity of ingots. It seems that the part of oxygen 
is not finished when the steel is tapped into the ladle but that it also plays a 
large part when precipitating during the solidification of the ingot, although 
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it has in its vicinity (in the steel) some deoxidizers which are supposed to 
kill any of its tendencies to life. 

The better or worse macro etchings of the ingot, its physical and chemical 
segregations, some kinds of internal laminations like ferritic stripes, etc., seem 
to depend on the oxygen content in the tapped steel and the form of its pre- 
cipitation when the ingot solidifies. 

With regard to forgings tested in the transverse direction, there exist, 
in steel plants of older forging traditions, some rules concerning these 
physicals. All of them agree that the higher the reduction of area the greater 
the difference between longitudinal and transverse physicals. Some of them, 
however, and even in the case of ingots of similar size, say that the forging 
reduction of area 4 to 1 is critical and that when this range has been crossed, 
the transverse physicals drop greatly. Some plants do not fear to use the 
range 6 to 1 and even 10 to 1 without any notable loss on physical values, 
when compared with the range 4 to 1. The writer’s opinion is that these 
rules depend only on the cleanliness of the steel ingots made by these plants 
and that there are some differences in the melting methods applied by each 
plant, which widen or narrow the forging reduction of area but still maintain 
good physicals. The writer used the same mold sizes in his investigations, but 
different deoxidation methods, and found that the melting practice has a def- 
inite influence on the differences between transverse and longitudinal physicals, 
as the melting practice gives a cleaner or dirtier ingot. 

It is quite possible that some physical chemists disagree with the writer’s 
statement that certain nonmetallic oxides can be dissolved in the steel, and 
prevented from later precipitation during solidification, by the quenching action 
of the mold. There is, however, a law in physical chemistry that the 
solubility of a certain ingredient depends not only upon its known natural 
solubility, but also upon the size of the ingredient. In addition to this, if we 
consider the temperatures under which steel-making procedures occur, and 
if we also point out the fact that, until now, we knew little or nothing of the 
chemical or physical procedures at high temperatures, but at the same time, 
that there is a definite improvement in macro tests taken from ingots poured 
at a higher temperature, we can suppose that some masses of nonmetallic 
ingredients in the fluid steel are dissolved at higher temperature and that their 
precipitation is very limited. Of course the degree of solution depends upon 
the overheating of steel in the furnace. 

The statement that steels made under white slag contain 25 to 50 per cent 
less oxygen was based on analyses taken from slowly-cooled samples. The 
addition of 0.1 per cent silicon or 0.25 per cent aluminum to the steel at the 
time of the taking off of the slag, insures a low initial oxygen content but only 
as long as this element exists in the fluid. steel. We know, however, that in 
the case of a basic procedure, silicon is burnt out very fast and the equilibrium 
atmosphere-bath, introduces oxygen again. In practice, this method means 
that the refining period starts with a low oxygen content, which is of course 
very desirable, but that it finishes with a higher one. If 0.1 per cent silicon 
is kept constantly from start to finish, the oxygen content will be sure to be 
kept on the lowest possible level. 

As far as the addition of aluminum is concerned, many steel-makers 
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are of the opinion that in the case of steels tested by transverse tests, this 
ciement represents a harmful factor. The writer agrees with this opinion 
entirely as he had very sad experiences in this respect. As for grain size 
specifications, the writer believes that the value of this problem was more 
exaggerated by theorists than really found in daily practice. It appears that 
in many cases where grain size was specified before the war, the metallurgists 
now prefer a coarser grain. In the case of alloy steels, the beneficial addition 
of aluminum was never sufficiently proved as it was darkened by the influence 
of alloy elements. When this continent faced a shortage of aluminum two 
years ago, some articles were published in the technical press, proving that 
shell steel (carbon steel) should not be fine-grained. On the contrary, in the 
case of bigger shells, the coarse-grained steel was desirable because of better 
hardenability. We do not neglect the importance of this problem as one 
which threw much light on our common knowledge of the life structure of 
steel; we also agree that for certain tool steels, and for low carbon carburized 
steels, this is an indispensable factor, but it seems to us that many people 
started to operate with grain specifications when conditions did not require 
them at all, or required contrary specifications. 

The problem is, what will be cheaper? To apply a little higher silicon 
content and additional heat treatment, in order to avoid brittleness, and to 
have lower conditioning costs and higher ingot yield; or to have lower 
silicon (which does not exclude brittleness), higher billet and bar conditioning 
costs and lower ingot yield? The answer should be found by practice. 

Replying to Mr. W. J. Reagan’s discussion; first of all, the writer did 
not intend to suggest any steel-making procedure. This paper is the comparison 
of three different deoxidation methods and their influence on physical proper- 
ties in longitudinal and transverse directions. Finding that one was better 
than the remaining two, we looked for the reasons and endeavored to explain 
them using essential data more or less known in the technical literature. The 
writer did not introduce anything new in steel-making. These three methods 
are widely used by almost all of U.S.A. steel-makers and the writer never 
heard of “entirely different practices” as Mr. Reagan says. However, he 
would be grateful to Mr. Reagan if he would furnish data on steel-making 
which would basically differ as far as solid scrap charge is concerned. 

Some of the physical properties obtained almost constantiy when using 
the white slag method are as follows: 

The tests taken from a 10-inch forging (forged from 22-inch ingot) 
on a 2-inch radius from the center of the forging show, after heat treat- 
ment, the following results in transverse direction: 


EE ble <'o'y o> oka demia tia bw Ge hol wk oe 65 to 67 Tons 
cae pee oe Nee ae be Mas et 16 to 20 Per Cent 
Seen OC COUR os cabiene dues 40 to 50 Per Cent 


The type of steel is similar to that mentioned in this paper. 

The writer believes that until a steel-maker goes through the hard 
school of making steel from which transverse tests are taken, he is not aware 
of one more difficulty in steel-making. 

It seems to the writer that by denying the importance of the manganese- 
silicon ratio in the charge, Mr. Reagan touched the most important and 








1945 DISCUSSION—BASIC ELECTRIC MELTING 583 


essential point of steel-making in any furnace. It could be thought from his 
statement, that steel-makers should not pay any attention to the charge and 
particularly to the manganese content on the first test. It is very difficult 
to discuss this point here. We only quote such famous investigations as 
those of Herty, Korber, and Olsner, etc. These are, we believe, funda- 
mental works which brought most beneficial indications to steel-making. 
On the strength of these investigations, the silico-manganese and its chemical 
composition appeared in steel-making. Almost every steel-maker knows that 
before adding silicon, manganese should be added to the aims. All these pro- 
cedures and investigations claim a certain manganese-silicon ratio in any stage 
of steel-making. When the charge contains about 0.3 per cent silicon, it seems 
that for high quality steels, all efforts should be made to create fluid prod- 
ucts as a result of silicon oxidation during melting. 

In the course of his practice, the writer learned of a few plants where 
electric furnaces made 8 to 10 heats of straight carbon commercial steel a 
day. The output was the most important thing, as they were supposed to 
compete with open-hearth furnaces. They met many difficulties in rolling when 
the charge was melted with low manganese. Later addition of manganese 
did not improve matters very much. Some heats cracked in roughers on 
first or second passes. When they started to add higher manganese to the 
charge, the rolling difficulties disappeared almost entirely. Analyses of 
inclusions on cracked heats showed that SiO. was the dominating ingredient 
(over 40 per cent). In other words, there were no conditions to create fluid 
silicates which, of course, should rise up very quickly during the melting 
period. Analysis of the inclusions after the addition of manganese to the 
charge was applied and showed an SiO. content below 20 per cent. It seems 
to the writer that the importance of manganese-silicon’ ratio in the charge 
should not be ignored. A high manganese content is not an indication of clean 
steel but it is,one of the most important factors to make clean steel. 

This point was explained in reply to Mr. Soler’s question. 

We agree with Mr. Marsh’s thesis and there is nothing in this paper in 
contradiction to this thesis. Mr. Marsh presented the influence of carbon con- 
tent on oxygen content in steel. We also discussed deoxidation conditions 
where carbon is almost constant. These are two quite different problems and 
we do not understand the reason of Mr. Reagan’s discussion regarding oxygen. 

The author agrees with Mr. Reagan that we do not know as yet whether 
0.005 or 0.01 per’ cent of oxygen is beneficial for high quality steels. It seems 
however that as far as physical properties in transverse direction are con- 
cerned, highly deoxidized steel gives the best results.. Nevertheless, it does 
not mean that in all cases where transverse physicals are required, we must 
use the procedure which gives highly deoxidized steel. On the contrary, 
in some cases we are compelled to make steel from which transverse tests 
are required even under black slag. 

The author did not intend to talk about output and “records” of output. 
However, in answer to Mr. Reagan’s question concerning the white slag 
procedure, we may state that the heat lasts about 5 hours. This takes place 
of course when solid scrap charge is used. 











A HARDENABILITY TEST FOR LOW CARBON AND 
SHALLOW HARDENING STEELS 


By O. W. McMuLLAN 


Abstract 


The 1-inch diameter solid cylinder end-quenched has 
become widely accepted as the standard method for de- 
termining hardenability of medium carbon alloy steels. 
The variety of methods in use for shallow hardening car- 
bon steels and carburizing steels of all grades indicates 
that no one method in current use has been found to be 
entirely suitable for testing all these grades. 

This paper describes experiments and lists results 
obtained from jet quenching one face only of tapered or 
wedge-shaped specimens and taking hardness readings 
along the other face of the wedge. By taking readings 
on a face oblique to the quenched face, rather than on one 
perpendicular to it as in the standard end quench method, 
the hardened zones are greatly widened. This permits 
more readings and less error from inaccuracy of spacing. 
No cutting after hardening is necessary. Consistent re- 
sults have been obtained on several types of steel. 


INTRODUCTION 


HE end quench method developed by Jominy and Boegehold 

(1)? has become widely accepted as the standard method for 
determining hardenability of steels that develop a considerable degree 
of depth hardness and have higher carbon content than usually found 
in carburizing steels. The fact that no essential changes have been 
made in the original specimen and procedure indicates that they were 
eminently suitable for the purpose intended as applied to alloy steels 
above 0.25 or 0.30 per cent carbon. 

On the other hand the lack of general acceptance of this or 
any other method for the carburizing grades and for the shallow 
hardening steels, the latter category embracing most carbon steels, 
provides evidence that no entirely satisfactory method has been de- 
veloped for such steels. Jominy’s (2) L-type specimen, solid cylin- 





1The figures appearing in parentheses pertain to the references appended to this paper. 
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ders, wedge and cone-type specimens have been used but they pos- 
sess certain disadvantages, some of which are mentioned below. 

A fundamental idea of the standard end quench method is a 
cooling rate produced by conductivity of heat through the metal to 
a plane surface ideally quenched. The L-type specimen departs 
from this situation because of quenching one curved surface and a 
plane surface at approximately right angles. Conduction of heat, 
therefore, proceeds in more than one direction simultaneously. The 
abrupt change in section as shown later may result in some lack of 
differentiation in degree of hardenability. Cracking of the L-type 
specimen may occur in high carbon steels, and did in the 1080 steel 
used in experiments described later. The chief objection to the L- 
type specimen, however, appears to be the difficulty in machining ex- 
cept with good equipment and skilled operators. 

The standard solid Jominy bar is being used to a considerable 
extent for the carburizing grades, but two disadvantages are quite 
apparent. Many of these steels do not possess sufficient harden- 
ability to give, even at 7g inch, the maximum hardness obtainable 
from the grade in thin sections. The other disadvantage is that 
hardness may drop too rapidly to properly space Rockwell readings 
and accurately follow the change in hardness. For the latter reason 
the method is not sensitive enough for shallow hardening steels. 
Readings on high carbon steels may be quite indccurate because of 
minor errors in spacing. 

To obtain a general hardenability rating from solid bars 
quenched all over requires more than one size or mathematical cal- 
culations that may be rather complicated and are not 100 per cent 
accurate. 

An extension of the fully hardened and transition zones, with 
consequent avoidance of errors in hardness results from inaccuracy 
of spacing or too abrupt change in hardness, has been accomplished 
by the use of wedge or cone-shaped specimens, particularly in testing 
high carbon steels of shallow hardening characteristics. Unfortu- 
nately these specimens or the methods used likewise have disadvan- 
tages. The chief disadvantage is that the specimens must be sec- 
tioned after quenching in order to determine the extent of the hard- 
ened zone. This involves the possibility of affecting the actual hard- 
ness, particularly of high carbon steels, as well as time and expense 
for the work. Methods of avoiding sectioning have been proposed 
but apparently have not met with wide acceptance. 
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The method described here combines the desirable features of 
the end quench and the wedge and at the same time eliminates cer- 
tain objections to both. It is based on the end quench idea but face 
quench might be more descriptive. The specimens are tapered or 
wedge-shaped and quenched on one face only of the wedge in the 
same manner as used for the end quench. Sectioning after harden- 
ing is unnecessary. Hardness readings, instead of being made on a 
surface perpendicular to the quenched face, are taken along the other 
face of the wedge forming an angle with the quenched face. By 
changing the angle the fully hardened and transition zones can be 
extended along the oblique face on which readings are taken to fit 
any degree of hardenability within limits of reasonable specimen 
size. Obviously the fewer the number of standard specimens the 
better and it appears that not more than two different angles would 
be required to cover the entire range desired. 


EXPERIMENTAL 


The first test specimens were made by cutting off an ungula or 
wedge-shaped section from the end of a standard Jominy bar. These 
specimens will be referred to as clylindrical wedges to distinguish 
them from later specimens cut from bars of a rectangular cross sec- 
tion and designated rectangular wedges. The taper of wedges from 
the Jominy bar was 1 to 1 (angle of cut 45 degrees, tangent 1). 
Rather than cutting to produce a sharp edge, cylindrical wedges were 
made ;; inch thick at the minimum dimension and 1+, inch at the 
back. This was done to avoid too much air cooling at the thin edge 
during transfer to the quench and at the same time leave the back 
thick enough to get a zone of low hardness: The center portion of 
the Jominy bar was then cut away and the head or collar end and the 
tapered specimen joined by drilling, tapping and inserting a %4-inch 
rod in the manner used for the 3-inch Jominy bar. Specimens were 
heated and end-quenched in the usual manner. This procedure was 
unsatisfactory because of the effect of the rod in retarding cooling 
at the center of the specimen. This difficulty was overcome by a 
simpler method of connecting the head and specimen. A vertical 
hole zy inch in diameter was drilled into the specimen at the thick 
portion of the wedge close to the cylindrical surface and a similar 
hole in a corresponding location in the head. The two sections were 
then joined by a straight cold-drawn wire % inch in diameter ground 
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to a slight taper at the ends and pressed into the drilled holes to hold 
the quenched face and collar parallel and 4 inches apart. This assem- 
bly is shown in Fig. 1. Subsequent use of a longer head section 
and shorter wire was more satisfactory. During heating, samples 
were hung vertically from the collar through a hole in a small plate 
elevated above the furnace floor. The specimen itself rested lightly 
in cast iron chips. Specimens were placed in a furnace at heat and 
held there for 30 minutes. Because. of their small size they appeared 
to be fully up to heat in 10 minutes. The wire connection proved 
to be entirely secure in every case and with reasonable care in han- 
dling no misalignment occurred and a uniform “umbrella” of water 
was shed from the end during the quench. No trouble was encoun- 
tered from too much loss in temperature on the thin edge during 
transfer to the quench. 

A few simple jigs were made to produce and test the specimens. 
[f a saw or cut-off wheel of adjustable angle is not available, a jig 
may be made by drilling a hole of the proper size, depth and angle in 
a flat steel block, such as shown in Fig. 2. The turned cylinder can 
then be inserted, held in place by a set screw and formed to shape 
by sawing, shaping or grinding as desired. The same jig can be 
used for grinding to remove decarburization on the surface before 
testing if a controlled atmosphere furnace is not available. Such a 
jig is not satisfactory for holding during the Rockwell test since 
the sample tends to rotate. By grinding a flat on the back of the 
cylindrical wedge and the use of a V-block with the proper angle of 
notch, consistent Rockwell readings were obtained. A jig for hold- 
ing the specimen while grinding this flat was made by drilling a 
l-inch hole in a steel block and then cutting away the top to expose 
part of the hole as shown in Fig. 3. A set screw at the proper angle 
holds the sample securely. 

If volume of production warranted the tool cost the test speci- 
mens described above could be produced readily by cutting a gap 
in a standard 1-inch specimen with a milling cutter having a 45-de- 
gree face angle. The cut would not be entirely through, but would 
leave just enough metal at the back to hold the specimen in align- 
ment but not enough to affect the cooling rate. 

Compositions of steels tested are listed in Table I. The car- 
burizing grades were normalized at 1700 degrees Fahr. (925 degrees 
Cent.) and the higher carbon steels annealed at 1550 degrees Fahr. 
(845 degrees Cent.) prior to machining specimens. The tempera- 
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Fig. 1—Cylindrical Wedge Speci- 
men, Angle 45 Degrees, with Assembly 
for Quenching. 
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Table |! 
Analysis of Steels Tested 
Bar Size 
Steel Rounds Per Cent————___—___.__ Grrain 
No. Type Inches C Mn Si Ni Cr Mo _——siSize 
l C-1022 1% 0.22 0.88 0.010 0.022 0.19 7/8 
2 C-1040 1% 0.42 0.79 0.015 0.030 0.19 6/7 
3 C-1045 144 0.48 0.79 0.010 0.025 0.24 6/7 
4 C-1045 1% 0.47 0.92 0.015 0.013 0.28 6/7 
5 C-1050 2% 0.51 0.80 0.009 0.030 0.22 wa 6/7 
6 C-1080 lf 0.84 0.73 0.009 0.028 0.12 he ila 5/6 
7 C-1080 1% 0.83 0.84 0.016 0.026 0.20 ues vidas pital 6/7 
8 C-1095 ly’s 1.00 0.45 0.025 0.033 0.16 wohe siete ones 6/7 
9 A-4621 1% 0.18 0.78 0.009 0.015 0.22 1.78 ee 0.23 7/8 
10 A-4815 2 0.15 0.49 0.007 0.026 0.25 3.29 inate 0.25 7/8 
11 NE-8720 1% 0.20 0.82 0.011 0.012 0.29 0.50 0.48 0.24 7/8 
12 NE-8720 1% 0.22 0.82 0.009 0.026 0.22 0.55 0.46 0.22 6/8 
13 NE-8720 1% 0.25 0.74 0.010 0.019 0.26 0.49 0.45 0.23 7/8 
14 NE-8620 1% 0.21 0.76 0.013 0.028 0.21 0.53 0.43 0.20 6/8 
15 NE-8620 1% 0.22 0.72 0.011 0.034 0.26 0.53 0.46 0.20 7/8 
16 NE-9420 1% 0.23 6.93 0.007 0.015 0.23 0.43 0.37 0.10 6/8 














Fig. 2—Jig for Holding Round Bar to Cut Specimen to Shape and for Face 
Grinding After Quenching. 


tures from which these machined test specimens were quenched are 
shown in the following tabulation : 


Degrees Fahr. Degrees Cent. 
Carburizing grades ................. 1625 885 
NS, fh 0 ce Saat os ich.c'e'e Ge ¥e hae 1525 830 
I es aah walcn e's 1475 800 
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Fig. 3—Jig for Grinding Flat on Back to Facilitate Rockwell Testing. 


Quenching conditions were the same as employed for the standard 
Jominy test. Hardness readings were taken as already described 
spaced ;/g inch apart, the distance being measured from the thin 
edge of the wedge rather than from the quenched face. 


RESULTS 


Table II lists results from a number of alloy carburizing steels. 
The specimens were machined from forged bars on which heat hard- 
enability ratings had been made by the use of the standard solid 
specimen. Results from both types of specimens are listed for com- 
parison. Table III gives results from several carbon steels of me- 
dium and high carbon content. 











1945 HARDENABILITY TEST 591 


Table Il 
Hardness Results from Standard Jominy and 45-Degree Cylindrical Wedge Specimens 
Alloy Carburizing Grades 


Steel Speci- —————Rockwell “‘C”’ at Distance Shown in 4, Inch-——————_—_—__ 

No. Type ae 2 2 Se. Fae > ete fe ee ae we Se 

45° 44 44 43 42 41 39 37 34 31 29 28 26 24 23 23 .. .. 

9 4621 Std. 43 40 35 32 28 27 25 24 23 23 23 22 21 21 21 18 16 

45° 46 46 45 44 43 42 39 37 34 33 31 30 29 28 28 .. .. 

11 8720  jStd. 46 45 40 35 33 31 30 29 28 27 26 25 24 23 21 21 19 

45° 48 44 43 41 38 35 32 29 28 27 26 25.24 24 25 .. .. 

12 8720 Std. 45 42 38 34 30 29 26 25 25 24 24 23 21 20 19 18 16 

a oe ae oe’ we oe ee ea ee ee ae ee ee ee ee 

13 8720 Std. 45 41 35 32 31 30 28 27 26 26 25 25 24 23 22 21 19 

45° 46 45 42 @ 36 4 3 2 2.27 2 2S 624.6 2S ~«62S8C( te 

14 8720 Std. 44 42 36 32 27 25 23 22 22 21 20 20 18 17 15 13 11 
16 9420 45° 46 46 45 41 38 35 32 31 30 28 27 27 26 26 25 


All samples cut from 1-inch rounds turned from center of forged bars approximately 
1% inch diameter. 








The results show the anticipated extension of the hardened zone 
along the sloping face. The specimens are too small to show hard- 
enability in very large sections but the most useful part of the curve 
follows a consistent pattern that can be duplicated on check speci- 
mens. The head or collar end of the specimen, not being quenched, 
can be used to obtain: normalized hardness if desired. In case of 
the alloy steels there is some indication of the effect of air hardening 
near the back of the wedge due to the smaller section caused by the 
cylindrical shape of the wedge. With the 1022 steel the hardened 
zone is still quite narrow and the curve drops rather abruptly. 

To further widen the hardened zone additional samples were 
cut with taper of 1 to 2 (angle 26.5 degrees, tangent 124). These 
samples from 1l-inch rounds were so small that quick transfer to the 
quench was required to prevent too much air cooling and also left 
little or no unhardened portion at the back of the wedge. Rectangu- 


Table Ill 
Hardness Results from Standard Jominy and 45-Degree Cylindrical Wedge Specimens 
Carbon Steels 
Bar Size 
Steel Rounds Speci- -———Rockwell “‘C”’ at Distance Shown in » Inch 





No. Type Inches men 1 a Re 5 6 7 oe. mee 22 “3S. 347-26. 2 


1095 1% 45° 67 67 66 60 46 46 46 45 45 44 43 42 40 38 33 
1080 1% 45° 66 67 66 65 57 45 45 44 43 42 42 41 40 38 .. 

mam 6&6 @ FS «. @ ~~. S&S a GBS .. o2ti 2s 
1050 2%° 45° 61 68 S8 S52 41 3% 33 32 31 30 29 28 27 26 23 
1045 1% 45° 60 59 S8 49 41 34 33 33 32 32 31 29 27 25 24 
1040 1% 45° S58 S56 54 47 39 34 33 32 31 30 29 28 26 25 22 


Nw an 


*Forged bar; others rolled. All specimens cut from 1-inch rounds machined from cen- 
ter of bar sizes listed. 
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Fig. 4—Rectangular Wedge Specimen, Angle 26.5 Degrees, 
with Assembly for Quenching. 


lar bars 1 inch wide were shaped from rounds and then cut at 26.5 
degrees to the axis to produce rectangular wedges 1 inch wide, 2 
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inches long on the base, 1 inch thick at the back and cut to a sharp 
edge. To make use of standard Jominy equipment, the assembly 
shown in Fig. 4 was made for heating and quenching. A standard 
specimen with collar was cut off to the required length and the spec- 
imen to be treated attached with cold-drawn Y%-inch wire as pre- 
viously described. The face of the specimen and the collar are 
parallel and 4 inches apart. The %4-inch round stream was replaced 





Fig. 5—Longitudinal Section shoe Center of Wedge, 1045 
A 


Steel, No. 4, Etched to Show Hardened Zone. 


by one through a slot 1 inch long by 7% inch wide with 35-inch radi 
at the ends. Free height of the water column was 3 inches. Speci- 
mens were supported in the furnace as previously described, total 
time in the furnace being 45 minutes. The water was shed from the 
rectangular face apparently just as uniformly as from a circular face. 
The hardened zone of a specimen of 1045 steel, No. 4, is shown in 
Fig. 5. 

Steels 1, 4 and 7 were chosen to represent a carbon series from 
high to low carbon content and Steels 1, 10 and 15 represent carbu- 
rizing grades from shallow to rather deep hardenability. Standard 
Jominy, Type L, 45-degree cylindrical and 26.5-degree rectangular 
wedge tests were made on adjacent sections of the same bar from 
each. Results on the wedges are averages of three parallel lines of 
readings on two or more samples from each steel. Some scatter of 
results occurred on the weak hardening 1022 steel, but results were 
as consistent on the wedges as on the standard or Type L specimens. 

Results from these five steels are listed in Table ITV and plotted 
in Figs. 6 to 11 inclusive. Figs. 6 to 9 inclusive show curves from 
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the different steels tested by each method whereas Figs. 10 and 11 
compare the different methods on the same steel. The curves are 
largely self-explanatory. Three points are of interest. First it may 
be noticed on low carbon steels maximum hardness that might be 
obtained in thin sections is not developed at all in the standard Jominy 
specimen. The second point, the extension of the hardened zone 
along the surface tested and more accurate hardenability pattern ob- 
tainable, is obvious. The third point involves the comparison of the 
Type L and 26.5-degree wedge results. Note in Fig. 8 that the slopes 
of the Type L Jominy curves are of similar degree on the 1045, 8620 
and 4815 steels. Obviously the latter two possess deeper hardening 
characteristics and this is clearly shown by the curves from the 
wedge specimen, Fig. 9. There is no intention to infer that the Type 
L curve as a whole does not show the difference between the types 
of steel since it does do so very well but it is believed, on certain 
types of steel particularly, that the wedge specimen presents a 
clearer picture of the entire hardenability pattern. The standard 
Jominy specimen is ideal in that the area of the cross section remains 
constant. The wedge specimen approaches this condition in that the 
change in section is uniform, whereas there is an abrupt change in 
the Type L. This sudden decrease in cooling rate may cause it to 
fall below the critical rate of several grades of steel within a short 
section and make the design of the specimen stand out more promi- 
nently on the curve than differences in hardenability. 

Results from the wedge tests in Figs. 7 and 9 are plotted in dis- 
tance from the thin edge of the wedge rather than perpendicular 
distance from the quenched face as is done for the standard Jominy. 
Results from the various steels have been plotted in distance from 
the quenched face for all types of specimens. The wall thickness 
of the Type L specimen was used as the distance until the bottom 
of the cavity was reached but from there on as distance from the 
plane through the bottom of the cavity. An unexpected result was 
that in each type of steel the curves from the 45-degree cylindrical 
and 26.5-degree rectangular wedges are nearly identical. Whether 
this is mere coincidence because of specimen size and quenching 
procedure or has some further significance has not been determined. 
Curves from the 1045 steel, No. 4, plotted in the above manner are 
shown in Fig. 12. 

The opinion has been expressed (3) that in carburizing grades 
of steel case hardening characteristics should be determined as well 
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Fig. 6—Standard End Quench Hardness Curves from 
Steels 1, 4, 7, 10 and 15. 
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Fig. 7—Hardness Curves from 45- 


Degree Cylindrical Wedges. Same Five 
Steels as in Fig. 6. 


as those of the core. The standard Jominy bar is well suited for this 
purpose with alloy steels but has the disadvantage mentioned earlier 
for the shallow hardening carbon steels. The wedge samples de- 
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Fig. 8—Type L Hardness Curves. Same Five Steels as 
in Fig. 6. 
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Fig. 9—Hardness Curves from 26.5-Degree Rectangular 
Wedges. Same Five Steels as in Fig. 6. 


scribed should be suitable for the latter since the hardenability of 
the case should follow a pattern similar to that of the 1080 and 1095 


steels. 





TRANSACTIONS OF THE A. S. M. Vol. 35 


8 





S 





Rockwell "C* Hardness 
S 





Distance in 16" 


Fig. 10—-Hardness Curves of 1080 Steel, No. 7, Obtained 
from Four Types of Test Specimens. 
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Fig. 11—-Hardness Curves of 8620 Steel, No. 15, Obtained 
from Four Types of Test Specimens. 


The writer has been impressed during the course of this work 
by the remarkable ability of jet quenching one face to give reproduc- 
ible hardness results. Its development by Jominy and Boegehold was 
an outstanding contribution to hardenability testing. Morse Hill 
(4) has determined that in the end quench test the only testing con- 
dition which must be rigorously controlled is that there be no scale 
on the quenched end of the specimen. Not only do a number of 
variables, within rather wide limits, have little or no effect on stand- 
ard Jominy results, but the same was found true with a variety of 
sizes and shapes tested in this work. The essential features are that 
the steel be at a uniform temperature above its critical range when 
quenched, and that the quench be quick and completely cover the 
one face only to be quenched. Tests were made on various bar sizes 
between 1;% and 2-inch diameter by cutting off slices to form 45 
and 26.5-degree cylindrical wedges similar to those from 1-inch 
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rounds. After grinding the cut faces but without removing scale 
from the bar surface, these slices were jet-quenched on the circular 
face and hardness readings taken on the other face of the wedge. 
Uniformity of results was quite remarkable, even more so than on 
some of the,smaller samples. The procedure offers a quick method 
of determining differences in hardenability between two or more 
samples of steel in the same bar size. Results, of course, would be 
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Fig. 12—Hardness Curves of 1045 

Steel, No. 4, from Four Types of Test 


Specimens with Distance Measured Normal 
to the Quenched Face. 


comparative only and not directly convertible to those from a speci- 
men of standard size. 

One criticism sometimes made of the standard end quench spec- 
imen is that it tests only the outside portion of the bar. The wedge 
specimens described in these tests check the cross sections and should 
show any undue segregation if readings are located properly for the 
purpose. 

The writer is well aware that the limited data presented here 
do not justify the adoption of the method as a production test 
without further work. Results are presented at this time only be- 
cause of the need of a more suitable method, particularly in view 
of the rapid changes and additions to steel compositions. Should 
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the method prove to be of any value, it is hoped that presentation of 
the idea at this time, in a more or less rough form, may be justified. 


SUMMARY AND CONCLUSIONS 


No standard method for testing the hardenability of shallow 
hardening and low carbon steels has been generally accepted to the 
extent that the standard Jominy end quench method has for the me- 
dium carbon alloy steels. 

Various methods in current use possess certain disadvantages. 
The solid cylinder is not sensitive enough to pick out small differ- 
ences in hardenability among the shallow hardening steels, the fully 
hardened zone is too short to give enough readings and the drop in 
hardness is so rapid that small inaccuracies in spacing readings may 
cause large errors. It may be unsuitable for carburizing steels for 
the same reasons and in addition may not show maximum hardness 
obtainable even at the first reading. 

The Jominy L-type bar has not been widely used, probably be- 
cause of being more difficult to machine. It has a tendency to crack 
with high carbon steels and the abrupt change in section may tend 
to cover up small differences in hardenability over a short section. 
Other methods such as the use of cones and wedges quenched all 
over involve the disadvantages of sectioning hardened test specimens. 

The method described in this paper is a combination of the end 
quench and wedge-type test. It might be described as a face-quenched 
wedge since the specimens were wedge-shaped and were quenched 
on one face only. In this manner, by properly choosing the taper of 
the wedge, full hardness can be developed in the thin section, the 
completely hardened and transition zones can be made long enough 
that inaccuracies from spacing readings and rate of change in hard- 
ness are greatly reduced and the hardness pattern more readily fol- 
lowed. Hardness readings were taken along the face of the wedge 
at an acute angle to the quenched face rather than at a right angle 
as in the standard end quench test. Sectioning of hardened samples 
was not required. Thus the fundamental ideas of the end quench 
and wedge were combined and at the same time certain disadvantages 
of each were eliminated. 

Specimens used in the work were of two designs: Those formed 
by cutting off the end of a 1l-inch round bar at an angle of 45 de- 
grees and those cut from.a square or rectangular bar to form a more 
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acute angle, 26.5 degrees. In order to use the available standard 
Jominy equipment for quenching, specimens were attached, by means 
of a small rod, to the collar end of shortened Jominy bars. Heating 
and quenching procedures used for the end quench were followed 
except that for the larger rectangular wedges the jet orifice was a 
slot rather than a round opening. With reasonable care no diff- 
culty in the procedure was encountered and consistent results were 
obtained. 
Several conclusions may be drawn from the work. 

1. The hardened zones were widened along the surface 
tested as anticipated. 

2. A satisfactory range of hardness was obtained in alloy 
carburizing grades from the l-inch round specimens cut at 45 
degrees, tangent 1. 

3. Wedge samples cut from rectangular bars were larger 
and a smaller angle, 26.5 degrees, tangent %4, could be used 
and thus increase the length of the hardened zones and the 
total spread of hardness. 

4. The mass of hot metal behind the quenched face influ- 
ences the cooling rate; consequently, readings on tapered speci- 
mens are not directly convertible to straight bar results at the 
same distance from the quenched surface. They can, of course, 
be converted on the equal cooling rate-equal hardness theory. 
An advantage of the method, however, is the elongation of the 
hardness curve. Results, therefore, are plotted to show dis- 
tance from the thin edge of the wedge rather than from the 
quenched face. 

5. Reproducibility of results by end quench procedure, in 
spite of a number of variables, was confirmed with specimens 
of various sizes and shapes. 

6. Tapered disks or wedges, produced by merely taking 
one square cut and one oblique cut across a bar, end-quenched 
showed surprising uniformity of hardness results in a limited 
number of tests on several different bar sizes and types of steel. 
The procedure offers a quick method for comparative purposes. 

7. The specimens used in these tests were checked for 
hardness on the cross section and offer an opportunity for de- 
termining uniformity not possessed by some of the other hard- 
enability methods. 
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DISCUSSION 


Written Discussion: By Chas. H. Shapiro, chief metallurgist, Reed Roller 
Bit Co., Houston, Texas. 

Mr. McMullan, in his development of the tapered-bar or wedge-shaped 
hardenability test, has made it possible to obtain a greater number of Rockwell 
readings in the fully hardened zone. In this, he has made a distinct improve- 
ment on the standard Jominy bar by arranging the test to be more sensitive to 
the reading of changes in the zone of high hardness. By his method he has 
also been able to hurdle some of the disadvantages inherent in the Jominy-type 
bars, in present use on low hardenability and shallow hardening steels. 

The preparation of the sample is, however, more difficult, requiring a num- 
ber of steps, each of which must be more accurately performed. Considerable 
care must be exercised during each step of the testing procedure, especially in 
the hardness reading operation. The fixtures, however, aid materially in sim- 
plifying the test piece preparation. 

The development of this wedge-type test should result in more accurate 
determination of hardenability because of the elimination of steep, close-to- 
vertical drops in the many curves we have had to work with in the past. 

Written Discussion: By John G. Kura, research engineer, Battelle 
Memorial Institute, Columbus, Ohio. 

An attempt to use the 45-degree cylindrical wedge test on S.A.E. 1030 
steel resulted in a much lower hardness at the first Ys-inch position on the 
wedge bar than at a similar position on the standard end quench bar. This is 
reasonable because of the greater distance of this point from the quenched end 
of the wedge as compared to‘the standard bar if one disregards the effect of 
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the greater mass of the standard bar. However, the author indicates that at 
least the same hardness was obtained at this position on the wedge as was 
obtained on the standard bar. Was this a general observation regardless of 
the type of steel? 

If the data for the 45-degree cylindrical wedges were to be plotted in 
terms of the distance from the quenched end and a comparison made with the 
standard end quench curves, the effect of the difference in mass would readily 
be seen to be considerable as in Fig. 12. This comparison, of course, is extreme. 
Yet, in shallow hardening steels, small variations in the length of the wedge 
cylinders may appreciably affect the results. A study of small differences in 
specimen dimensions should be undertaken to assure that grinding off a sus- 
pected decarburized layer, prior to taking hardness readings, will not unduly 
affect the results. 

To check the results of spacing hardness readings on the standard bar 
tested in the normal manner, a 45-degree cylindrical wedge was cut off the 
standard bar of an S.A.E. 1030 steel. Readings were taken on the 45-degree 
face and plotted in terms of the distance from the quenched end. Practically 
identical curves were obtained from the 45-degree face and the standard bar 
indicating that normal, careful spacing of hardness readings on the standard 
bar are reliable even on shallow hardening steel. 

Concerning the fourth conclusion drawn by the author, a plot of the dis- 
tance from the quenched end of the standard end quench bar versus the 
distance from the thin edge of the 45-degree cylindrical wedge bar for the 
occurrence of equivalent hardness shows a distinctly different curve for each 
of the steels. If the tapered specimens are convertible to straight-bar results 
on the equal cooling rate—equal hardness theory, identical curves should have 
been obtained in each case. Some unknown factors appear to be exerting a 
considerable effect to cause such a discrepancy in duplicating cooling rates. 

Written Discussion: By W. E. Jominy, chief metallurgist, Dodge Chicago 
Plant, Division of Chrysler Corp., Chicago. 

I have read ‘the paper by Mr. McMullan with a good deal of interest. 
It represents an ingenious method for using the end-cooled principle of measur- 
ing hardenability. I see nothing fundamentally wrong in the test which Mr. 
McMullan has devised and whether or not this test is used will depend, I be- 
lieve, upon the convenience of it. It would seem to me to be a little flimsy to 
handle when hot and also to require a special fixture to get accurate hardness 
tests on the piece. 

There are certain references made to the L-bar which I should like to 
discuss. First the matter of the tendency to crack, especially with high carbon 
steels. In my experience with certain steels, cracks have developed which 
have been circumferential. In every case, however, the crack has not inter- 
fered with the cooling, since it occurs too late to affect this, or with the 
measuring of the hardness in the fixture. I have not found that the cracking 
interfered in any way with the test except perhaps to vitiate one hardness 
reading. In general, the cracking occurs on steels which are deep hardening 
and which would be better measured with the standard end-cooled bar. 

Second, the abrupt change in section referred to in this paper occurs at 
1 inch from the end of the L-bar. At this point the cooling rate is 54 degrees 
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per second at 1300 degrees and it is beyond this point where the change might 
be considered abrupt. The change in cooling rate from 1 to 1% inch represents 
a drop of 28 degrees per second which is a smaller change than occurs in any 
Y%4-inch distance along the specimen to this point. Changes occurring beyond 
the 14-inch distance are still less but would more conveniently be measured 
on the standard end-cooled bar since this point, namely 1% inch, corresponds 
to about ys inch on the standard bar. 

The L-bar was developed mainly for steels which do not harden up for a 
distance of % inch on the standard end-cooled bar and for such steels there 
is no difficulty about the change which occurs beyond 1 or 1% inch on the 
L-bar. 

The standard bar will always be used in preference to the L-bar wherever 
it applies, since it is less difficult to machine. 

In our shop the cupped end of the L-bar is machined in about 10 minutes. 
This is without any special tools. It is possible to make a special reaming 
cutter to finish the cupped end of the L-bar and with such a cutter the average 
time for making the cupped end is 3% minutes. This does not seem to offer 
too much difficulty. 

Written Discussion: By N. E. Rothenthaler and F. C. Young, metal- 
lurgists, Ford Motor Co., Dearborn, Mich. 

Mr. McMullan’s paper on this important subject has been studied with great 
interest by the writer. There is a crying need for a more simple method of 
preparing hardenability specimens from shallow hardening steels, for the speci- 
mens now in use present complicated machining problems of either preparing 
the test specimens or sectioning them after quenching. Mr. McMullan has 
attempted to solve these two problems by his new proposed method. However, 
he has maintained the basic principles of the standard l-inch Jominy harden- 
ability test, namely, quenching one face and measuring the differential hard- 
nesses of another face. Also, with a few modifications the present harden- 
ability quenching equipment could be made interchangeable with the 1-inch 
Jominy bar and this new proposed method. 

The application of a 26.5-degree rectangular wedge as illustrated by Mr. 
McMullan appears to give the closest similarity of curves to the present standard 
L-type bar. This he has illustrated in Figs. 10 and 11. The present informa- 
tion on file with the L-type bar will not become obsolete and can still be used 
for reference. However, according to Fig. 11, the rectangular wedge will 
give a wider spread in the hardening area when measured normal to the 
quenched surface. This appears not to be affected by the angle of slope or 
shape of the specimens. We wonder how Mr. McMullan accounts for this 
condition as there is, no doubt, a different cooling rate with the two different 
slopes. 

This simple type of specimen will overcome a good deal of the hesitancy 
in obtaining and accepting the hardenability data on the shallow hardening 
steels. Instead of the l-inch standard Jominy bar which had been used in prefer- 
ence to the L-type bars for the carburizing grades, we could apply this wedge 
method and get a greater detail of their hardening characteristics. 

In widening the hardening zones for these shallow hardening steels, it is 
believed greater satisfaction will be felt in the use of the hardenability data. 
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This wedge method of hardenability testing appears to be both rapid and 
reliable for reproducibility. The specimens can be easily machined without 
the use of a skilled machinist. Simple jigs and fixtures can be readily made 
for production checks. 

The present tendency in steel specifications is to include the use of harden- 
ability as a standard range as well as the chemistry with emphasis on the 
hardenability characteristics of a heat rather than its analysis. Consequently, 
any means which will promote the efficiency of testing the low carbon steels 
is to be encouraged. 

As Mr. McMullan indicates, more extensive data must be acquired before 
adopting his proposed method for production use. We sincerely hope he will 
present his present data along with any additional information to the harden- 
ability committee of the Society of Automotive Engineers. This committee is 
now engaged in revising the hardenability procedures and consequently would 
be much interested in this new method of harderability tests for low carbon 
and shallow hardening steels. 

Written Discussion: By H. B. Knowlton, materials engineer, Interna- 
tional Harvester Co., Chicago. 

Mr. McMullan has made a valuable contribution to the technique of meas- 
uring the hardenability of shallow hardening steels. 

The hardness at vs inch from the quenched end of the standard Jominy 
specimens seems to be erratic. All efforts to determine hardness at distances 
closer to the quenched end than ys inch have been unsatisfactory. Consequently 
the proposed method offers considerable promise for the measurement of hard- 
enability of the extremely shallow hardening steels. 

There are, however, two possible objectives to McMullan’s method: 

1. If the important part of the hardenability curve; involves readings 
taken near the center of the cross section it would be expected that any segre- 
gation of carbon in the center of the bar would produce a considerable error, 
indicating higher than actual hardenability. 

2. The specimen is somewhat more complicated to make than the stand- 
ard Jominy specimen, consequently should be used only where the simpler 
specimen is not satisfactory. 

This test may also be used to advantage where there is a break in the 
hardenability curve between the ys and % points on the standard Jominy curve. 
The same can be accomplished, however, by taking readings on the standard 
Jominy bar at increments of distance from the quenched end of less than 1s 
inch. It is not practicable to take readings closer together than 7s inch, but it 
is possible to take four sets of readings on the standard Jominy bar with the 
starting point for each series «x inch farther from the quenched end than the 
preceding series. 

Thus the distances from the quenched end in the first series of readings 
would be vs, %, i, %4 inch, etc., while the second series would be #¢, &&, 3, 
sf inch, etc. To accomplish this it is necessary to use a fixture which will 
index #s inch with reasonable accuracy. The writer and his associates have 
used a fixture in which the block supporting the specimen is moved horizontally 
by a screw having a %-inch NC thread. One revolution advances the block 
is inch. Quarter revolutions advance the block ¢x inch. 


6 
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It has been found necessary to use a hardened block to support the specimen 
and to make one Rockwell impression to seat the specimen on the block before 
taking any actual readings. We have found no error in using cylindrically 
ground specimens supported on hardened “V” blocks in place of the specimen 
with the conventional flat ground sides. 

If hardenability tests are to be used for acceptance and rejection of incom- 
ing heats of steel it would be desirable to standardize on a specimen which can 
be most readily manufactured. Centerless ground cylindrical specimens would 
have an advantage in this respect. Both the McMullan specimen and the Type 
L bar appear satisfactory for measurement of hardenability of very shallow 
hardening steels. The choice may depend upon the relative ease of preparation 
of the specimens. 




























Author’s Reply 





Mr. Jominy’s interest in the paper is appreciated. His comment on the 
design being flimsy to handle is quite correct as to Fig. 1 but a shorter con- 
necting wire used later as in Fig. 4 eliminated any trouble when the specimen 
was supported properly in the furnace and handled with reasonable care. 

In reference to the abrupt change in section of test specimens, I am of 
the opinion that the rate of change must be considered in connection with the 
critical cooling rate of the steel being tested rather than as the amount of drop 
on the standard cooling rate curve. As shown in Fig. 8 the critical zone for 
1080 steel coincided with the change in section at the base of the hole in the 

L-bar making the hardness curve drop very rapidly whereas with 4815 steel, 
slower to transform, the curve was not so strongly affected by the change in 
cooling rate at that portion of the specimen. 

It may be observed from Fig. 6 that the hardness of the 1080 steel has 
started to drop at the %-inch position on the standard Jominy bar and beyond 
this point drops rapidly. A more sensitive test would be one in which the 
change in cooling rate with distance on the specimen is more gradual at the 
critical cooling rate of the steel and it is believed that the wedge specimens 
meet that requirement for certain types of steel better than either the standard 
or Type L bar. 

Mr. Rothenthaler has emphasized the need of a more suitable method for 
determining the hardenability of shallow hardening steels and the writer is 
pleased to note that he believes the suggested face-quenched wedge specimen 
would meet the requirements. Apparently his reference to Fig. 11 should have 
been to Fig. 12 in connection with the hardened distance measured normal to 
the quenched surface. Such a comparison between the L-bar and the 26.5- 
degree wedge can be only a rather rough one since in the L-bar the quenched 
surface is the inside of the hole, smaller in area than the outside. Thus each 
unit of surface quenched must remove heat from a larger area back of it 

instead of a constant area as in the wedge. Also near the bottom of the hole 

the cooling rate and hardness may be affected by the large mass of hot metal 
in the solid portion. For these reasons it may be expected that hardness would 
drop faster in the Type L bar than in the 26.5-degree wedge when plotted in 

the manner shown in Fig. 12. 
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Mr. Shapiro has pointed out some of the advantages and disadvantages of 
the proposed method. More steps may be involved in preparing the sample, 
but on the other hand, the machining operations are less subject to error than 
on some other types of specimens. The greatest possibility for error lies in 
holding the specimen when taking hardness readings. 

In answer to Mr. Kura it was found, regardless of type of steel, that the 
hardness at the first reading of the 45-degree wedge was equal to or greater 
than the first reading on the standard bar. I see no reason why this should 
not apply to 1030 also. While it is true that the distance from the quenched 
face is less on the standard bar, the greater mass of that bar retards the cooling 
more. In one or two exceptions, disregarded because of excessive delay in 
getting the specimen to the quench, low readings were obtained at the edge 
because of temperature drop in the thin section. The time interval would be 
shorter with a carbon steel, such as 1030, than with an alloy steel with a 
lower critical point. 

Mr. Kura also points out the possibility of variations in mass which would 
affect results. Two things are important; one that the angle of the wedge be 
accurate and the other that the respective readings be located at equal distances 
from the quenched face in all specimens. Change in length of the full cylin- 
drical portion of the 45-degree wedge would affect results. Grinding off the 
sharp end of the 26.5-degree wedge, such as to remove decarburization, would, 
because of the taper, change the point of origin of measurement and change the 
position of all the readings as well as the first. This could be avoided by a 
slight change in design to leave a blunt end so that, for example, the first 
reading taken would correspond to the number 2 position reported, which in 
most cases is the first reliable one because of the thin section near the sharp 
edge. Removal of the first 7s inch of the sharp edge should have no measur- 
able influence on the hardness pattern in the specimen; it is merely a question 
of point of origin for locating hardness readings. Provided the angle was kept 
constant it was found that the overall length of the 26.5-degree wedge could 
vary considerably without appreciable effect on the results, the action being 
similar to that of changing the length of the solid cylinder. 

Knowledge of hardenability testing has not reached the stage where exact 
duplication of results by conversion from different types of specimens can be 
expected based on the equal cooling rate—equal hardness theory. This can be 
demonstrated readily by attempting to convert standard Jominy results to 
those obtained from all-over bar quenching. Lack of agreement will be found 
between standard and L-bar results when compared on the basis of equal cool- 
ing rates. Table IV shows at least equally as good agreement between standard 
bar and 26.5-degree wedges as between standard bar and Type L results. 
Plotting results from Table IV as suggested by Mr. Kura shows quite good 
agreement between the 45 and 26.5-degree wedges; much better than between 
standard Jominy and Type L bars or any other pair among the four methods. 
I agree that unknown factors are exerting a considerable effect in causing 
discrepancies. If the equal cooling rate—equal hardness theory is rigidly valid, 
exact hardness is much easier to measure and it would appear that the error 
is much more apt to be in duplicating the cooling rate and perhaps even more 
so in measuring just what the cooling rate is, especially at the more rapid rates. 














608 TRANSACTIONS OF THE A. S. M. 





Vol. 35 









Mr. Knowlton has brought up some interesting points on hardenability test- 
ing. Among others he has raised two possible objections to the proposed 
method. In answer to the first objection, it is not necessary to take readings 
at the center of the cross section; in fact, all results reported in the paper were 
averages of three parallel lines of readings only one of which passed through 
the center. It was found that readings taken close to the edge of rectangular 
wedges were | to 3 points higher, probably due to air hardening at the corners, 
than points between (along the same distance line) where uniform cooling took 
place. Rectangular wedges of the size described cut from the smallest possible 
rounds provided accurate readings from center to half radius or farther. In 
case of cylindrical wedges a wider spread was possible but not desirable because 
of excessive grinding for a wider flat on the back. Therefore, center segrega- 
tion need have no influence on the test but the method does have the advantage 
of being able to show center segregation if locations of readings are chosen to 
do so. 

Proposed test specimens are not as simply produced as turning a solid 
cylinder. Obviously the angle must be accurate but some of the other dimen- 
sions are not critical just as the length of the standard Jominy bar is not 
critical. Further knowledge of the accuracy and finish desired might simplify 
machining. ; 

Mr. Knowlton suggests the procedure of taking readings, by staggering, 
at ¢x-inch intervals when the break in the hardness curve occurs between the 
ys and %-inch points. In addition to careful manipulation of accurate equip- 
ment the success of such a procedure presupposes an absolutely perfect hard- 
ness contour around the specimen. Small ripples in the contour would affect 
readings at #x-inch intervals. It has been my experience that variations do 
exist around the circumference at a given distance from the quenched end, 
especially in shallow hardening steels where the break in the curve is sharp. 

Actual measurement of a diamond impression at 60 Rc shows it to be 
about 0.020 inch in diameter at the top, and, of course, softer material would 
have a larger impression. The drop in hardness across the impression itself 
is therefore greater than between the ¢x-inch intervals at which readings are 
desired. The best that can be hoped is that the reading represents the average 
hardness over a distance more or less greater than ¢x inch depending on the 
hardness level. I believe, therefore, that widening the hardened, zone which 
decreases the rate of hardness change offers the better possibility of determining 
accurately differences in hardenability of the shallow hardening steels. The 
small angle wedge effectively widens the hardened zone not only in the ex- 
tremely shallow hardening steels but also in those of greater depth hardening 
which tend to show a steep drop in the standard hardness curve. 








DIFFUSION IN POWDERED METALS 


By P. W. SELWoop AND JANE NAsH 
Abstract 


This paper discusses a magnetic method developed 
by thé awors based on the analysis of magnetization 
temperature curves and used to follow the approach to 
homogeneity in copper-nickel mixtures. Powdered nickel 
and copper were prepared by hydrogen reduction of the 
chemically pure oxides and compacted into pellets. These 
were vacuum-sealed in glass capsules and suspended from 
an analytical balance by a platinum wire so placed that 
they were in the 7 ertical field gradient of an electromagnet. 
Magnetization and temperature were recorded. While 
the results obtained in these studies are not entirely per- 
fect it 1s believed that this method will prove to be a use- 
ful tool in powder metallurgy. 


HERE is no completely satisfactory method for measuring the 
rt of diffusion and the approach to homogeneity in a mixture 
of powdered metals. Definite progress in this direction has been 
made by Rhines and Colton? who used an electrical method to meas- 
ure the degree of inhomogeneity of a solid solution alloy. The 
present paper describes a magnetic method which gives a rough 
quantitative approach to this problem. The system studied was 
copper-nickel. 

It is well known that ferromagnetic substances, at the Curie 
point, show an abrupt diminution of specific magnetization. For 
nickel this occurs in the neighborhood of 358 degrees Cent. (675 
degrees Fahr.). For homogeneous nickel-copper alloys, and for 
certain other systems, Marian? has shown that both the magnetic 
moment of the nickel and the Curie temperature are linear functions 
of the atomic concentration of the nickel. Copper is, of course, 
diamagnetic. 

In a mixture of powdered metals we have, before sintering, 
simply a mechanical juxtaposition of the pure components. As 


1Rhines and Colton, ‘Homogenization of Copper-Nickel Powder Alloys, p. 67, Powder 


OME TTA edited by John Wulff, published by the American Society for Metals, Cleveland, 
Ohio, 1942. 


“Marian, Journal phys. radium 8, 313 (1937); Ann. phys. 7, 459 (1937). 





Of the authors, P. W. Selwood is associate professor of chemistry, North- 
western University, Evanston, Illinois, and Jane Nash is connected with the 
department of chemistry of the same institution. 
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sintering proceeds, diffusion takes place, and we have a continuous 
series of solid solutions. Finally, with the approach to homogeneity, 
the composition becomes uniform throughout. The continuous 
series of solid solutions has been called by Rhines and Colton a 
“micro-inhomogeneity.” In an earlier paper, Morris and Selwood’ 
referred to the same thing as “non-equilibrium solid solutions.” 


Pole Pole 


water 


Fig. 1—Balance and Oven for 
Measuring Specific Magnetization Over 
a Range of Temperature. 

Each concentration represented in the partially homogenized 
mass has a definite Curie temperature. The magnetization-tem- 
perature curves obtained from such systems are therefore the summa- 
tion of an infinite number of curves, each of which shows a sharply 
defined Curie temperature. Instead of a single Curie temperature 
these alloys will show a gradual diminution of magnetization over a 
wide range of temperature. The rate of approach to homogeneity, 
the degree of homogeneity, and the distribution of concentrations 
within the system will all be indicated by the changing slope of the 
magnetization-temperature curve as sintering proceeds. 


®Morris and Selwood, Journal, American Chemical Society, Vol. 65, 1943, p. 2245. 








1945 DIFFUSION IN POWDERED METALS 611 


EXPERIMENTAL METHOD 


Powdered -nickel and copper were prepared by hydrogen re- 
duction of the chemically pure oxides. The powders averaged about 
300 mesh, but no special pains were taken to insure uniform size. 
Mixtures of several concentrations were prepared by weighing and 
thorough stirring. The mixtures were then compacted into pellets 
under a pressure of approximately 150,000 pounds per square inch. 

These pellets were vacuum-sealed in glass capsules then sus- 
pended from an analytical balance by a platinum wire. As shown 
in Fig. 1 the pellets occupied a position inside a heating tube and 
were so placed that they were in the vertical field gradient of an 
electromagnet. As the field was applied the samples were attracted 
toward the center of the magnet with a force equivalent to several 
tenths of a gram. The field used was about 5000 gauss, enough to 
insure saturation. The temperatures were measured with a chromel- 
alumel thermocouple. 

No special virtue is claimed for this method. The apparatus 
happened to be readily available and easy to operate. At the present 
time an induction apparatus is under construction for further work 
on this and related problems. 


RESULTS 


The specific magnetizations over the temperature range 25 to 
400 degrees Cent. are shown in Figs. 2 and 3. These are for two rep- 
resentative concentrations : 90 per cent nickel-10 per cent copper and 
70 per cent nickel-30 per cent copper. The quantity o/o, is the ratio 
of specific magnetizations observed, and for an equivalent weight of 
pure nickel. Data are shown for the compacted but not sintered 
samples, and for various stages of heating. 

It is clear from these figures that the magnetization-temperature 
curves change as predicted, and that the approach to homogeneity 
is indicated by a sharpening of the Curie temperature. Unfortunately 
for the quantitative interpretation of the results, the Curie tem- 
perature of pure nickel itself is not very sharply defined. This 
difficulty does not, however, prevent some useful conclusions being 
derived from the data. 

Let us consider a partially sintered alloy which gives a magneti- 
zation-temperature curve as shown in Fig. 4. Take two temperatures 
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13.5 Hours at 550°C. 
Plus 4 at 650°C. 





Temperature, C. 


Fig. 2—Magnetization-Temperature Curves for a 90 Per Cent Nickel- 
10 Per Cent Copper Powder Mixture, Before Heating, and After Two Stages 
of Sintering. 











0 100 200 400 
Jemperature, C. 


Fig. 3—Magnetization-Temperature Curves for a 70 Per Cent Nickel- 
30 Per Cent Copper Powder Mixture. 


close together, T, and T,. The magnetization drop, o’, between these 
two temperatures is caused by the presence of a homogeneous 
alloy of which the Curie point lies between T, and T,. The specific 
magnetization of this alloy below the Curie point is given by 
o’ = kmc 
where k is a constant, m is the weight per cent of nickel at a given 
concentration, and c¢ is the concentration. This equation follows, 
of course, from Marian’s discovery that the magnetic moment of the 
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0 400 
Bil %. 
Fig. 4—Method for Interpreting Magnetization-Temperature Curves. 
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Fig. 5—Distribution of Nickel Concentrations in a 


90 Per Cent Nickel-10 Per Cent Copper Powder Mixture 
at Several Stages. 


nickel is a linear function of the concentration. This equation may 
be solved for m as follows: o’ is taken from the graph; k is deter- 
mined from the curve for pure nickel; and c is the concentration 
for which the Curie temperature lies between T, and T,. 

In this way tables may be constructed showing what weight 
of nickel is present at the various concentrations. Table I shows 
these data for a 90 per cent nickel-10 per cent copper alloy at three 
stages of sintering. These results are shown graphically in Fig. 5. 
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Table I 
Distribution of Concentrations for 909 Per Cent Nickel-10 Per Cent Copper — 






No heat treatment 








Concentration Limits Weight 
T; Ts Per Cent «* Per Cent Nickel 
e° Cc. o*:f. 43.5-51.1 0.5 4 
50 100 51.1-59.0 0.5 4 
100 150 59.0-67.0 1.0 6 
150 200 67.0-75.0 1.5 8 
200 250 75.0-82.7 2.0 10 
250 300 82.7-90.7 3.2 14 
306 350 90.7-98.0 6.3 26 
350 400 98.0-100 10.0 38 
Same after 13.5 hours heat treatment at 550 degrees Cent. 
Concentration Limits Weight 
T, Ts Per Cent a’ Per Cent Nickel 
oO ' <>. oo C. 43.5-51.1 0.6 5 
; 50 100 51.1-59.0 3 9 
i 100 150 59.0-67.0 2.0 12 
150 200 67.0-75.0 2.1 11 
200 250 75.0-&2.7 2.6 13 
250 300 82.7-90.7 3.3 14 
300 350 90.7-98.0 4.7 19 
350 400 98.0-100 5.4 20 
Same after 13.5 hours at 550 degrees Cent. plus 14 hours at 650 degrees Cent. 
S €.. a 43.5-51.1 1.0 s 
50 100 51.1-59.0 1.8 12 
100 150 59.0-67.0 3.0 19 
150 200 67.0-75.0 5.8 31 
200 250 75.0-82.7 9.2 44 
250 300 82.7-90.7 0.5 2 
300 350 90.7-98.0 0 0 
350 400 98.0-100 0 0 















*In order to increase the accuracy, o’ is taken directly from the experimentally deter- 
i mined changes in weight on application of the magnetic field. The values shown are there- 
fore larger than those shown in Fig. 2 where reduced magnetizations, ¢/¢o, are plotted. 


The data bring out a number of interesting facts. First, before 
sintering, the figures should indicate that 100 per cent of the nickel 
is undiluted. This is not the case, and must be attributed to a 
fault in the method. It arises from the fact that the Curie point is 
not a sharply defined temperature. The results show, however, that 
a very large proportion of the nickel is present as almost pure 
nickel. Second, after 13.5 hours heating at 550 degrees Cent. (1020 
degrees Fahr.) the concentrations are well distributed between 40 
and 100 per cent. There is still a substantial amount of pure nickel 
in the alloy, but there is a suggestion of a maximum at about 65 per 
cent. After long heating, homogeneity is approached and the dis- 
tribution of concentration rises sharply at about 80 per cent. No 
doubt the peak would have approached 90 per cent if heating had 
been continued still longer. No pure nickel now remains, in fact 
the highest concentration of nickel is about 90 per cent. 

These results are admittedly imperfect. The total mass per- 
centages do not all add up to 100 per cent, and there are other dif- 
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ficulties. Nevertheless, it is believed that this will prove to be a 
useful tool in powder metallurgy. One of the most valuable re- 
sults is that it is now possible to estimate the quantity of pure nickel 
remaining after sintering has been in progress for a certain time. 
Work: is continuing on efforts to improve the apparatus and the 
analysis of results. The method is, of course, limited to the study 
of a ferromagnetic metal dissolving in a nonferromagnetic metal. 


SUMMARY 
A magnetic method, based on the analysis of magnetization- 


temperature curves, is developed and used to follow the approach 
to homogeneity in copper-nickel powder mixtures. 











CHROMIUM STEELS OF LOW-CARBON CONTENT 
By RussELL FRANKS 


Abstract 


This paper describes the results of tests made on low- 
carbon steels containing up to about 25 per cent chromi- 
um. The investigation has shown that wrought 3 per 
cent chromium steels containing up to about 0.10 per cent 
carbon are at least five times as resistant to atmospheric 
corrosion in tndustrial atmospheres as ordinary low-car- 
bon steel. The low-carbon 3 per cent chromium steel is 
relatively free of air hardening, as demonstrated by tests 
on samples air-cooled from 1650 degrees Fahr. After 
this treatment the steel is soft, ductile, and tough. An- 
nealing at subcritical temperatures (1340 degrees Fahr.) 
also softens the steels, and imparts high ductility and 
toughness. The steels so heat treated have good tough- 
ness at temperatures down to —190 degrees Fahr. but 
their toughness is not so high at these low temperatures 
when the steel has been previously normalized at 1650 
degrees Fahr. The low-carbon 3 per cent chromium steel 
can be welded; and the welds have good toughness at 
room temperature and at temperatures down to —40 de- 
grees Fahr. The resistance of the low-carbon 3 per cent 
chromium steel to atmospheric deterioration makes it suit- 
able for use in the form of articles such as roofing, gut- 
ters, drain pipes, and other parts exposed to weathering. 
Fence wire represents an article to be made from the 
steel, as well as certain structural parts for application in 
which atmospheric corrosion is a serious menace. 


HIS investigation was carried out to determine the effects of 

chromium on such characteristics of low-carbon steel as resist- 
ance to atmospheric corrosion and oxidation at elevated tempera- 
tures, and susceptibility to air hardening. The steels for the inves- 
tigation were melted in high frequency induction furnaces and were 
cast into ingots weighing up to approximately 50 pounds. In melt- 
ing, only manganese and silicon were used as deoxidizers to obtain 
sound steel. The finished steels contained from 0.15 to 0.35 per cent 


A paper presented before the Twenty-sixth Annual Convention of the So- 
ciety, held in Cleveland, October 16 to 20, 1944. The author, Russell Franks, 
is associated with the Union Carbide and Carbon Research Laboratories, Inc., 
Niagara Falls, N. Y. Manuscript received June 5, 1944. 
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silicon and from 0.30 to 0.60 per cent manganese. The phosphorus 
was limited to a maximum of 0.025 per cent and the sulphur to 0.035 
per cent. Except in a few instances the percentage for carbon was 
limited to a maximum of 0.10 per cent. It was necessary to control 
all these constituents to this extent in order to determine the true 
effects of chromium. The small 2 to 3-inch square ingots represent- 
ing the different steels were first forged to small billets or sheet bars, 
and subsequently rolled to 34 or 1-inch rounds, and sheet or plate 
to obtain the samples for the various tests. 


ATMOSPHERIC CORROSION TESTS 


Twenty-gage sheet samples of the steels in the annealed and 
descaled conditions were used in the atmospheric corrosion tests. 
The samples were exposed to the industrial atmosphere in Long 
Island City, N. Y., for several years and subsequently transferred to 
Niagara Falls, N. Y., where they were exposed for a period of about 
eight years. In both instances the samples were exposed in the midst 
of industrial plants under conditions representative of those normally 
encountered in an-industrial area. During the period of exposure 
the samples were cleaned twice, removing the loose oxide by means 
of a wire brush. They were cleaned once after an exposure period 
of about seven years and again after an exposure period which varied 
between ten and eleven years. For the sake of simplicity the results 
are expressed in terms of a 10-year period. As shown in Table I 
and in Fig. 1, the samples tested represented steel containing from 
zero to about 17 per cent chromium. 


Table I 


Results of Atmospheric Corrosion Tests on Low-Carbon Steels of Different Chromium 
Contents After 10-Year Exposure to an Industrial Atmosphere 
Rate of Loss 
Heat Per Cent Per Cent in Weight Grams 


No. Chromium Carbon Per Square Inch Per Year 
Steel seek 0.15 0.11 

B379 3.05 0.07 0.023 

5 Per Cent Cr 5.60 0.07 0.021 

B366 7.65 0.07 0.007 

B317 9.65 0.12 0.0006 

12 Cr 12.58 0.08 Nil 

18 Cr 17.26 0.08 Nil 


Samples of a low-carbon 2 per cent chromium steel were origi- 
nally included in the tests but these were lost. The results show that 
with as little as 3 per cent chromium present, a low-carbon steel with 
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nn — —— 14 18 8 
‘Citlemahon Per Cent 
Fig. 1—Results of Atmospheric Corrosion Tests on Low-Carbon 
Steels of Different Chromium Contents After 10-Year Exposure to an 
Industrial Atmosphere. 
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Fig. 2—Comparative 
Results of Atmospheric 
Corrosion Tests on Low- 
arbon Steel and Low- 
Carbon 3.00. Per Cent 
Chromium Steel After a 
10-Year Exposure to an 
Industrial Atmosphere. 


excellent resistance to industrial atmospheres is obtained, and that 
as the chromium content is increased to 12 and 17 per cent the steels 
become practically immune to attack. As illustrated by Figs. 2 and 
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Fig. 3—-Comparative Results of Atmospheric Corrosion Tests on Low-Carbon Steel 
and on Low-Carbon 3.00 Per Cent Chromium Steel. 





Fig. 4—Photographs Showing the Condition of the Surfaces of the 
Steels After the 10-Year Exposure Period to an Industrial Atmosphere. 
The weight loss for the carbon steel was 1.24 grams per square inch of 
surface, and for the low-carbon 3.00 per cent chromium steel was 0.26 gram 
per square inch of surface. xX 1. Left—Carbon steel. Right—3.00 per 
cent chromium steel (Heat B379). 


3, the low-carbon 3 per cent chromium steel is approximately five 
times as resistant to atmospheric deterioration as ordinary carbon 
steel. Also, the data of Fig. 3 and.4 show that this degree of re- 
sistance to atmospheric deterioration is obtained in the absence of 
pitting. It is apparent that the low-carbon 3 per cent chromium steel 
corrodes similarly to ordinary carbon steel, with the exception that 
the oxide formed on the 3 per cent chromium steel does not readily 
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flake off but adheres tightly and prevents the metal underneath from 
wasting away so rapidly. The freedom from pitting in the atmos- 
phere is especially well illustrated by Fig. 3, which compares the 
thicknesses of the carbon steel sample and the 3 per cent chromium 
steel sample before and after the 10-year exposure period. It should 
be stated, on the other hand, that the steels containing larger per- 
centages of chromium extending up to about 9.5 per cent did exhibit 
a slight amount of pitting, although their weight losses were lower. 


OxIDATION TESTS AT ELEVATED TEMPERATURES 


The oxidation tests at elevated temperatures were made on 1%4- 
inch long samples cut from l-inch round bars and machined to a 
%-inch diameter. The scale was removed from the samples prior 
to exposure to the high temperature by machining, to assist in ob- 
taining uniform results. The samples were in the annealed condi- 
tion and were exposed for the periods shown in Table II to an oxi- 
dizing atmosphere (air). 


Table Il 
Results of Oxidation Tests on Low-Carbon Steels of Different Chromium Contents After 
900 to 1000 Hours’ Exposure at the Temperatures Shown 


Perr Cent Loss in Weight——_____, 
1000 Hr. at 1000 Hr. at 900 Hr. at 1000 Hr. at 


Heat Per Cent Per Cent 1000-1022 1184-1202 1328-1346 1454-1472 
No. Chromium Carbon “7. °F. °F. “F. 
B527 ia 0.09 0.37 8.49 26.50 58.80 
B944 1.12 0.08 0.34 5.50 bite wie etal 

C205 2.57 0.07 jets 3.79 19.80 

B379 3.05 0.07 Nil 3.39 16.20 sae 
C105 3.67 0.06 Nil 2.90 11.30 ag 
B907 5.60 0.12 Nil 0.60 8.30 31.60 
B909 7.68 0.09 ee. 0.20 4.64 se aie 
B913 9.83 0.07 eiatok ane Nil Ke 
B236 13.17 0.12 Pe opt Nil 2.76 
A66 16.15 0.10 ae ia iéve se hon 1.75 
DA 23.61 0.20 0.30 











The results of the oxidation tests are illustrated by the curves 
of Fig. 5. At about 1000 degrees Fahr. (540 degrees Cent.) the 
ordinary carbon steel exhibited fairly good resistance to oxidation, 
while the 3 per cent chromium steel underwent practically no loss 
in weight during the 1000-hour exposure period, At about 1200 de- 
grees Fahr. (650 degrees Cent.) the carbon steel wasted away at a 
rapid rate as was the case with the steel containing about 1 per cent 
chromium, but the 3 per cent chromium steel exhibited substantial 
resistance to oxidation. With higher chromium contents the steels 
became practically free of scaling at this temperature. The losses 
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Fig. 5—Results of Oxidation Tests on Low-Carbon Steels of Different Chromium 
Contents After 900 to 1000 Hours’ Exposure at Temperatures Shown. 


for the ordinary carbon steel exposed.in the range 1328-1346 degrees 
Fahr. (720-730 degrees Cent.) were exceedingly high, but decreased 
rapidly when the steel contained 3 and 3.5 per cent chromium, and 
reached a very low value when about 10 per cent chromium was 
present. At this point the steel became very resistant to scaling. 
In the curve illustrating these data there were two definite changes 
in regard to oxidation resistance; one occurring at about 3 per cent 
chromium and the other at about 10 per cent chromium. Although 
a change did occur with about 3 per cent chromium present, the 
losses for this steel were quite high. The data obtained at 1454- 
1472 degrees Fahr. (790-800 degrees Cent.) (Curve 4) showed that 
the steels containing below 13 per cent chromium underwent fairly 
high losses as a result of oxidation. At about 13 per cent chromium 
the oxidation losses were relatively low, and decreased further as 
the chromium content reached about 23 per cent. The steel con- 
taining this latter percentage of chromium remained substantially 
unaffected from the standpoint of oxidation during the 1000-hour 
test period. 


SUSCEPTIBILITY TO AIR HARDENING 


It is generally known that many of the low-carbon steels of low 
chromium contents are subject to air hardening’. For example, when 


1E. C. Wright and P. F. Mumma, “Properties of Low-Carbon Medium-Chromium 
Steels of the Air-Hardening Type,’ T.P. No. 496, American Institute of Mining and 
Metallurgical Engineers, 1933. 
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ordinary low-carbon steel containing 5 per cent chromium is heated 
to 1650 degrees Fahr. (900 degrees Cent.) (above the Ac, point) 
and air-cooled, it is relatively hard and low in ductility, but when a 
low-carbon steel containing no chromium: is similarly treated it is 
soft and quite ductile. The air hardening of the 5 per cent chromi- 
um steel has to be taken into consideration in fabrication, or diffi- 
culty will be encountered in welding, hot forming, hot bending, etc. 
Titanium and columbium additions? have been found to greatly re- 
duce the air hardening of the 5 per cent chromium steels and are 
being used for this purpose. The reduction in air hardening is 
caused by a combination of the carbon with the titanium or colum- 
bium. 

In view of the excellent resistance of the low-carbon 3 per cent 
chromium steel to atmospheric corrosion and oxidation at tempera- 
tures up to about 1200 degrees Fahr. (650 degrees Cent.) experi- 
ments were made to see whether this steel was as subject to air hard- 
ening as the 5 per cent chromium steel. In these experiments the 
chromium contents of the low-carbon steels ranged from 0 to slightly 



































{ Effect of Chromium on the Air Hardening of Low-Carbon steel 


Yield Erichsen Rock- 
Condi- » Str. at % % Mm. of well 
Per Per tion 0.20% Tensile El. Red. Izod De- B Brinell 
Heat Cent Cent of Offset Strength in of Impact pres- Hard- Hard- 
No. Cr G Metal Psi. Psi. 2In. Area Ft.-Lb. sion ness_ ness 


J 369 eoe6 0.09 1 47,375 58,000 34 60 69 7.0 70 116 















2 38,330 57,000 33 72 68 8.4 68 107 
4 40,800 55,000 42 69 68 9.0 63 107 
J 356 2.08 0.098 1 52,500 68,250 37 73 72 7.0 78 137 
2 47,000 60,500 40 76 74 8.5 72 121 
4 37,000 67,500 36 69 68 8.2 79 137 
C279 2.60 0.06 3 46,500 60,000 42 79 85 eee ee 121 
4 38,500 68,000 35 72 89 o0e os 146 
J 309 3.03 0.06 1 61,500 81,000 23 59 85 8.0 85 163 
2 52,000 61,500 35 77 92 9.5 66 128 
4 26,000 65,000 35 65 80 9.0 75 131 
J 367 2.98 0.071 1 57,000 80,500 22 51 67 7.4 82 153 
2 50,000 63,000 35 77 74 8.8 75 126 
4 28,000 70,000 32 59 57 8.5 78 149 
C105 3.67 0.06 3 43,500 65,000 37 78 =100 one oe 131 
* 56,500 91,000 20 50 38 eos ee 286 
J355 4.53 0.073 1 71,000 124,000 12 31 43 6.4 103 255 
2 44,000 71,750 35 77 81 9.0 83 153 
4 89,200 143,500 12 35 18 5.9 107 311 
D267 6.08 0.08 1 149,000 181,000 5 12 22 5.5 ee 340 
3 54,000 83,500 31 74 91 eee e 153 
4 163,000 197,000 6 20 19 eee es 351 


1 = As-hot-rolled. 

2 = Heated 2 hr. at 1340 degrees Fahr. and air-cooled. 
3 = Heated 2 hr. at 1380 degrees Fahr. and air-cooled. 
4 = Heated 10 min. at 1650 degrees Fahr. and air-cooled. 








*F. M. Becket and R. Franks, “Titanium and Columbium in Plain High-Chremium 
Steels,” Transactions, American Institute of Mining and Metallurgical Engineers, Vol. 
113, 1934, p. 126-142. 
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over 6 per cent. The steels were tested in the as-hot-worked condi- 
tion, after softening by use of a subcritical annealing treatment, and 
after air cooling from 1650 degrees Fahr. (900 degrees Cent.) (above 
the Ac, critical point). The samples of the steels were taken from 
l-inch round bars and were tested for strength, ductility, toughness, 
and hardness; the data are given in Table III and show that low- 
carbon steels containing up to and slightly over 3 per cent chromium 
were soft, ductile, and tough after air cooling from 1650 degrees 
Fahr. (900 degrees Cent.), indicating relative freedom from air 
hardening. These steels were also soft, ductile, and tough after they 
were given the subcritical annealing treatment at 1340 degrees Fahr. 
(725 degrees Cent.). When the chromium content reached 3.6 per 
cent, even though the carbon content was kept low, the steel exhibited 
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Fig. 6—Effect of Chromium on the Air Hardening 
of Low-Carbon Steel. 


relatively strong air hardening characteristics on air cooling from 
1650 degrees Fahr. (900 degrees Cent.). As the chromium content 
was increased respectively to 4.5 and 6 per cent, the susceptibility 
to air hardening increased but at a much slower rate than that which 
took place on raising the chromium content from slightly over 3 to 
3.6 per cent. 

It was concluded from these results, which are graphically illus- 
trated in Fig. 6, that so long as the chromium content of the low- 
carbon steel was at a maximum of about 3.25 per cent, it would be 
substantially free of air hardening. It should be mentioned that the 
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Fig. 7—Effect of Carbon on the Air Hardening of 3.00 Per 
Cent Chromium Steel. 
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low-carbon 3 per cent chromium steel given the subcritical annealing 
treatment at 1340 degrees Fahr. (725 degrees Cent.) had a high 
yield strength with maximum ductility and toughness. 

It was recognized that carbon as well as chromium had a marked 
influence on air hardening, and in another series of experiments the 
effect of carbon on the 3 per cent chromium steel was studied. In 
these tests the chromium content was held at about 3 per cent, and 
the carbon content was increased to 0.16 per cent. Samples taken 





Table IV 
Effect of Carbon on the Air Hardening of 3 Per Cent Chromium Steel 
Yield Erichsen Rock- 
Condi- Str. at % % Mm. of well 


Per Per tion 0.20% Tensile El. Red. Izod De- B Brinell 
Heat Cent Cent of Offset Strength in of Impact pres- Hard- Hard- 
No. Cr ¢ Metal Psi. Psi. 2In. Area Ft.-Lb. sion ness ness 


J 365 3.07 0.035 1 30,750 54,500 35 66 70 6.7 68 116 
2 42,500 51,500 43 82 70 9.6 64 107 
3 18,750 52,000 43 77 68 9.5 58 101 
J 309 3.03 0.06 1 61,500 81,000 23 59 85 8.0 85 163 
2 52,000 61,500 35 77 92 9.5 66 128 
3 26,000 65,000 35 65 80 9.0 75 131 
J 367 2.98 0.071 1 57,000 80,500 22 51 67 7.4 82 153 
2 50,000 63,000 35 77 74 8.8 75 126 
3 28,000 70,000 32 59 57 8.5 78 149 
J310 3.13 0.10 1 56,750 90,000 21 36 48 7.0 85 179 
2 52,500 63,750 34 74 86 9.0 72 128 
3 33,000 80,000 25 47 50 8.0 88 163 
J 366 3.07 0.12 1 46,000 101,500 16 27 28 5.4 87 156 
2 45,000 65,500 35 75 77 8.2 74 134 
3 40,000 87,000 22 40 32 6.6 90 179 
J 368 3.07 0.14 1 54,250 92,750 17 47 28 4.5 88 179 
2 48,500 70,000 34 76 77 8.4 76 134 
3 52,000 98,000 20 40 30 5.7. 100 255 
J311 3.15 6.16 1 66,000 125,750 11 16 15 5.9 104 228 
2 54,000 72,500 33 75 91 8.0 82 137 
3 73,000 138,000 12 22 14 5.6 106 293 


1 =< As-hot-rolled. 
2 = Heated 2 hr. at 1340 degrees Fahr. and air-cooled. 
3 = Heated 10 min. at 1650 degrees Fahr. and air-cooled. 
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Fig. 8—Photomicrographs of Structures of Steels After Treatments 1 and 2. 250. 
Odd Numbers Treatment 1—Heated 2 Hours at 1340 Degrees Fahr. and Air-Cooled. 
Even Numbers Treatment 2—Heated 10 Minutes at 1650 Degrees Fahr. and Air-Cooled. 
Nos. 1 and 2—0.09 per cent carbon steel. Nos. 3 and 4—3.00 per cent chromium—0.06 
per cent carbon steel. Nos. 5 and 6—4.5 per cent chromium—0.07 per cent carbon steel. 
Nes. 7 and 8—3.00 per cent chromium—0.035 per cent carbon steel. Nos. 9 and 10—3.00 
per cent chromium—0.16 per cent carbon steel. 


from bars of the steels were tested in like manner after annealing at 
subcritical temperatures and after normalizing at 1650 degrees Fahr. 
(900 degrees Cent.). The data are described in Table IV and Fig. 7. 

It will be noted that the carbon content of the steels was pro- 
gressively increased from a minimum of 0.035 per cent to a maxi- 
mum of 0.16 per cent, using relatively small increments. As the 
carbon content was increased to 0.12 per cent there was a steady but 
relatively small increase in the hardness of the steels on air cooling 
from the normalizing temperature (1650 degrees Fahr.), but when 
the carbon content was increased to 0.14 and 0.16 per cent, the hard- 
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Fig. 9—Photomicrographs of Structures of Steels After Treatments 1 and 2. x 2000. 
Odd Numbers Treatment 1—Heated 2 Hours at 1340 Degrees Fahr. and Air-Cooled. 
Even Numbers Treatment 2—Heated 10 Minutes at 1650 Degrees Fahr. and Air-Cooled. 
Nos. 1 and 2—0.09 per cent carbon steel. Nos. 3 and 4—3.00 per cent chromium—0.06 
per cent carbon steel. Nos. 5 and 6—4.5 per cent chromium—0.07 per cent carbon steel. 
Nos. 7 and 8—3.00 per cent chromium—0.035 per cent carbon steel. Nos. 9 and 10— 
3.00 per cent chromium—0.16 per cent carbon steel. 


ness of the steels increased to a considerable extent. In fact, the 
steel. containing 0.12 per cent carbon was harder and less ductile and 
tough than the steels containing up to 0.10 per cent carbon after the 
treatment at 1650 degrees Fahr. (900 degrees Cent.). The results of 
the Erichsen tests were particularly indicative, and it was concluded 
that to avoid difficulties due to air hardening, the carbon coritent of 
the 3 per cent chromium steel should be at a maximum of 0.10 per 
cent and preferably no higher than 0.08 per cent. 

The microstructures of the steels included in this part of the 
investigation were studied to determine why the low-carbon 3 per 
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cent chromium steel was relatively free of air hardening, whereas 
the low-carbon 5 per cent chromium steel was quite susceptible to 
air hardening; and also why increasing the carbon content of the 3 
per cent chromium steel made this steel quite subject to air hard- 
ening. 

The |structures of the steels are illustrated by the photomicro- 
graphs of Figs. 8 and 9. Fig. 8 shows the structures of the steels 
at a magnification of 250 diameters, and Fig. 9 at a magnification 
of 2000 diameters. These photomicrographs reveal that the struc- 
ture of the ordinary low-carbon steel consists of ferrite and a small 
amount of pearlite, after air cooling from 1650 degrees Fahr. (900 
degrees Cent.), and ferrite and spheroidized carbides after heating 
at 1340 degrees Fahr. (725 degrees Cent.) and air cooling. It is 
difficult to interpret the structure obtained on air cooling the low- 
carbon 3 per cent chromium steel from 1650 degrees Fahr. (900 de- 
grees Cent.). After this heat treatment, the structure of the steel 
consists of ferrite containing a decomposition product of austenite, 
which is unlike pearlite and does not appear to be pseudomartensite. 
This type of structure is observed in the 3 per cent chromium steels 
containing up to about 0.10 per cent carbon. The constituent repre- 
sents a small part of the structure and is contained in soft ferrite, 
explaining why the low-carbon 3 per cent chromium steel like ordi- 
nary low-carbon steel is soft after air cooling from above the Ac, 
point. After air cooling from 1340 degrees Fahr. (725 degrees 
Cent.), the carbides present in the low-carbon 3 per cent chromium - 
steel have spheroidized in much the same manner as the carbides in 
the ordinary carbon steel when similarly heat treated. 

On the other hand, after air cooling the low-carbon 4.50 per 
cent chromium steel from 1650 degrees Fahr. (900 degrees Cent.), 
its structure consists primarily of a pseudomartensitic type of struc- 
ture containing a small amount of chromium ferrite, which explains 
why this steel hardens on air cooling from above the Ac, point. As 
was to be expected, heating the 4.50 per cent chromium steel at 1340 
degrees Fahr. (725 degrees Cent.) causes the carbides to spheroidize, 
leaving a chromium ferrite matrix containing carbides. The steel 
in this condition is soft and ductile. When heated above the Ac, 
point, it is evident that the carbides of the higher chromium steel 
act quite unlike the carbides of the ordinary low-carbon steel or of 
the low-carbon 3 per cent chromium steel. The carbides of the low- 
carbon 4.50 per cent chromium steel are probably rich in chromium, 
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which would account for their greater influence on air hardening. 

The last four photomicrographs of Figs. 8 and 9 show the 
effect of carbon on the structure of the 3 per cent chromium steel. 
It is clear that when the carbon content of this steel is increased from 
0.035 to 0.16 per cent its structure on air cooling from 1650 degrees 
Fahr. (900 degrees Cent.) consists of a pseudomartensitic type of 
constituent containing some ferrite. The presence of so much of the 
pseudomartensitic type of constituent in the 3 per cent chromium 
steel containing 0.16 per cent carbon causes the metal to air harden 
in much the same way as when the carbon content is kept low and 
the chromium content is increased. Thus to avoid serious air hard- 
ening it is necessary to limit both the chromium and carbon contents. 


TESTS AT SUBNORMAL TEMPERATURES ON LOow-CARBON 
3 Per CENT CHROMIUM STEELS 


There are many applications in which retention of toughness at 
low temperatures is an important factor. The low-carbon 3 per cent 
chromium steels were subjected to temperatures as low as —300 de- 
grees Fahr. (—185 degrees Cent.) to see how their toughness would 
be affected. The steel treated at these temperatures was given the 
subcritical annealing treatment at 1340 degrees Fahr. (725 degrees 
Cent.), and the normalizing treatment at 1650 degrees Fahr. (900 
degrees Cent.). Samples of the steel were also given the normalizing 
heat treatment followed by reheating at the subcritical temperature, 
and the results are presented in Table V. 

These tests showed that after annealing at 1340 degrees Fahr. 
(725 degrees Cent.) the steel retained its toughness to a marked de- 
gree at temperatures down to —190 degrees Fahr. (—125 degrees 
Cent.). The steel in this condition of heat treatment had substan- 
tially the same degree of toughness at these low temperatures as it 
had at room temperature, but when the temperature was decreased 
to —300 degrees Fahr. (—185 degrees Cent.) it became embrittled. 
The results of the tests on the normalized low-carbon 3 per cent 
chromium steel samples were different. They showed that the steel 
underwent a marked decrease in toughness as the temperature 
dropped below —90 degrees Fahr. (—68 degrees Cent). It should 
be pointed out however, that at —150 degrees Fahr. (—100 degrees 
Cent.) the steel had 20 ft-lb. of impact, which was considered sub- 
stantial. In general these results revealed that the steel was not 
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in as stable a condition after normalizing as it was after softening 
at 1340 degrees Fahr. (725 degrees Cent.). This was substantiated 
by the fact that the samples given the normalizing heat treatment, 
followed by heating at 1380 degrees Fahr. (750 degrees Cent.) re- 


eo 





Table V 
Results of Impact Tests at Low Temperature on Low-Carbon 3 Per Cent Chromium Steels 
Composition: Chromium ................3.07 Per Cent 
ack tede bea be noe 0.40 Per Cent 
0 Be OS PE ee ee ne 0.25 Per Cent 
ETS 3s dco ss cath tes oe Os 0.075 Per Cent 
Heat Izod Impact 
Treatment Temperature of Test Ft.-Lb. 
1 Room temperature 86 
2 Room temperature 77 
3 Room temperature 56 
1 32 Degrees Fahr. 82 
2 32 Degrees Fahr. 78 
3 32 Degrees Fahr. 56 
1 —40 Degrees Fahr. (—40 Degrees Cent.) 83 
2 —40 Degrees Fahr. (—40 Degrees Cent.) 78 
3 —40 Degrees Fahr. (—40 Degrees Cent.) 41 
1 —90 Degrees Fahr. (—68 Degrees Cent.) 81 
2 —90 Degrees Fahr. (—68 Degrees Cent.) 90 
3 —90 Degrees Fahr. (—68 Degrees Cent.) 35 
l — 150 Degrees Fahr. (—100 Degrees Cent.) 83 
2 —150 Degrees Fahr. (—100 Degrees Cent.) 92 
3 —150 Degrees Fahr. (—100 Degrees Cent.) 20 
1 —190 Degrees Fahr. (—125 Degrees Cent.) 76 
2 —190 Degrees Fahr. (—125 Degrees Cent.) 80 
3 —190 Degrees Fahr. (—125 Degrees Cent.) 18 
1 — 300 Degrees Fahr. (—185 Degrees Cent.) 4 
2 —300 Degrees Fahr. (—185 Degrees Cent.) 2 
3 —300 Degrees Fahr. (—185 Degrees Cent.) 3 


1 = Heated 2 hr. at 1340 degrees Fahr. and air-cooled. 

2 = Heated 10 min. at 1650 degrees Fahr. and air-cooled. Reheated 3 hr. at 1380 
degrees Fahr. and air-cooled. 

3 = Heated 10 min. at 1650 degrees Fahr. and air-cooled. 











tained their toughness equally as well at temperatures down to —190 
degrees Fahr. (—125 degrees Cent.) as those given only the anneal- 
ing treatment at 1340 degrees Fahr. (725 degrees Cent.). Thus, the 
condition of the carbide in the low-carbon 3 per cent chromium steels 
had an important influence on their low temperature toughness. 


WELDING Low-CarRBoN 3 PER CENT CHROMIUM STEEL 


The welding properties of the low-carbon 3 per cent chromium 
steel were considered to be especially important in view of its low 
air hardening tendencies, so tests were made on plates of different 
thicknesses, joined together by arc welding. The welding rod em- 
ployed was similar in composition to that of the plate metal. The 
welds were tested for strength, ductility, and toughness, and the re- 
sults are given on the next page in Table VI. 
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These tests were made on all-weld-metal 34-inch diameter sam- 
ples prepared from welds made in 34-inch thick low-carbon 3 per 
cent chromium steel plate. The plate was previously softened by 
heating 2 hours at 1340 degrees Fahr. (725 degrees Cent.) and 
air cooling. The results showed that while the weld metal was duc- 
tile and tough in the as-welded condition, both of these properties 
were improved by stress relieving at 1200 degrees Fahr. (650 de- 
grees Cent.), and annealing at 1340 degrees Fahr. (725 degrees 
Cent.). The condition of this weld and the adjacent areas in regard 
to hardness is shown by the data of Fig. 10. 

This weld was made in plate containing 3.01 per cent chromium 
and 0.07 per cent carbon. The data show that the weld is fairly 
soft in the as-welded condition, and that its hardness is reduced on 
stress relieving at 1200 degrees Fahr. (650 degrees Cent.). The 
weld, however, is harder in both conditions than the plate metal, the 
hardness of which is not materially increased in the areas adjacent to 
the weld. This explains why the weld is ductile and tough. 

An additional arc weld was made in the annealed ;%%-inch 
thick 3 per cent chromium steel plate with 3 per cent chromium steel 


Table VI 
Mechanical Properties of Weld Metal Containing 2.96 Per Cent Chromium 
and 0.08 Per Cent Carbon 


Per Cent 
Yield* Tensile Elonga- Per Cent Izod 
Strength Strength tion Reduction Impact 
Condition of Sample Psi. Psi. in1%In. of Area Ft.-Lb. 
EE. i Lei okinolt> sas ves dewanc 47,200 75,400 19 43 33 
Stress relieved 2 hr. at 1200 degrees 
Fahr., and air-cooled ............ 48,100 74,500 24 68 47 
Heated 2 hr. at 1340 degrees Fahr. 
ED GPG setovecscsoctcices 48,000 74,500 25 74 43 





*Determined with dividers. 


rods. The weld contained 2.78 per cent chromium and 0.06 per cent 
carbon. The weld was tested for toughness both at room tempera- 
ture and at subnormal temperatures, and the results are shown in 
Table VII. See page 634. 

The impact tests showed that in the as-welded state, the weld 
had an Izod impact value of 28 ft-lb. at room temperature, which 
was decreased to about 20 ft-lb. on cooling to 32 degrees Fahr. The 
weld exhibited similar toughness on cooling to —40 degrees Fahr., 
whereas on cooling to —90 degrees Fahr., a marked drop in tough- 
ness occurred. The weld stress-relieved at 1200 degrees Fahr. had 
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Fig. 10—Rockwell “B’’ Hardness Values on Arc-Welded Samples of Low-Carbon 
3.00 Per Cent Chromium Steel. xX 1. The photograph on the left represents a sample 
in the as-welded condition, while the photograph on the right represents a sample stress- 
relieved 2 hours at 1200 degrees Fahr. and air-cooled. 


higher toughness at room temperature, but decreased in toughness 
to the same extent on cooling to the lower temperatures as it did in 
the as-welded condition. The results on the weld samples held 2 
hours at 1340 degrees Fahr. (725 degrees Cent.) and air-cooled 
showed that this treatment produced an improvement in the tough- 
ness of the weld at room temperature, and at temperatures down to 
—40 degrees Fahr. (—40 degrees Cent.). The weld heat treated 
at 1340 degrees Fahr. (725 degrees Cent.) also exhibited good 
toughness at —90 degrees Fahr. (—68 degrees Cent.), but at —150 
degrees Fahr. (—100 degrees Cent.) was embrittled. 

Tests were next made on arc welds produced in %-inch thick 
plate of the same composition. This plate was also softened prior 
to welding by heating 2 hours at 1340 degrees Fahr. (725 degrees 
Cent.), and air cooling. The welds were prepared with rods of the 
same composition as those used in welding the ;%-inch thick plate 
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Table VII 
Impact Tests on 3 Per Cent Chromium Steel Weld 
Izod Impact 

of Weld Temperature 
Condition of Sample in Ft.-Lb. ot Test 
GE Baas chk ie 6h 0 < v6.6 dsr abnndbs bea taeda pheeaen 28 Room Temp. 
SEE BEES hic idb ad oe. 3 652% Ade See cas ahaha 21 32° F. 
I ch oa aia he Ch ned cE0 op hb Can wae be 20 —40° F. 
PEE. chow ken didwdtha ss waned et tee ent o0be ohne ts 6 —90° F. 
Stress-relieved 2 hr. at 1200 degrees Fahr., and air-cooled 43 Room Temp. 
Stress-relieved 2 hr. at 1200 degrees Fahr., and air-cooled 21 aa” 3. 
Stress-relieved 2 hr. at 1200 degrees Fahr., and air-cooled 20 —40° F. 
Stress-relieved 2 hr. at 1200 degrees Fahr., and air-cooled 6 —90° F. 
Heated 2 hr. at 1340 degrees Fahr., and air-cooled....... 40 Room Temp. 
Heated 2 hr. at 1340 degrees Fahr., and air-cooled....... 31 32° F. 
Heated 2 hr. at 1340 degrees Fahr., and air-cooled....... 30 —40° F. 
Heated 2 hr. at 1340 degrees Fahr., and air-cooled....... 10 —90° F. 


Heated 2 hr. at 1340 degrees Fahr., and air-cooled....... 4 —150° F. 





for the low temperature impact tests, and the results are given in 
Table VIII. 

As shown by the data of the table, these welds were subjected 
to tensile and free bend tests. The tensile tests revealed that in the 
as-welded state the coupon sample fractured outside the weld, show- 
ing that the weld was stronger than the plate. The same results were 
obtained after stress relieving the welded sample at 1200 degrees 
Fahr. However, in both instances the sample exhibited good duc- 
tility before fracture that occurred in the plate away from the area 
adjacent to the weld. The fact that the welds and the metal adjacent 
to the welds had good ductility was also brought out in the free 
bend tests. In these tests the elongation in % inch across the welds 
was 18 per cent as-welded, and 30 per cent on stress relieving at 
1200 degrees Fahr. (650 degrees Cent.), and on fully softening with 
the subcritical annealing treatment at 1340 degrees Fahr. (725 de- 


Table VIII 


Tensile and Bend Tests on Arc Welds in 4%-Inch Thick Plate Weld Containing 
2.78 Per Cent Chromium and 0.06 Per Cent Carbon 


— —— Se  — j= — _ 


Results of Free Bend Test 
-——Results of Tensile Tests——, -—Over 0.5-In. Radius— 





Yield* Tensile Per Cent Per Cent 
Strength Strength Elongation Angle of Elongation 
Condition of Sample Psi. Psi. in 2 In. Bend in % In. 
RE. (sien itend eoneen 40,800 65,200 17 Cracked on 
bending 180° 18 
Welded sample stress-relieved 
2 hr. at 1200° F. and air- 180° without 
Ae ar ae ar 35,300 66,600 34 cracking 30 
Welded sample heated 2 hr. 180° without 
eae ET gee eee ee Ks cracking 30 


Note: Tensile samples broke outside weld. 
*Determined with dividers. 
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Fig. 11-—Photograph Illustrating the Condition of the Weld and Adja- 
cent Areas After the Free Bend Tests on the Welded 3.00 Per Cent Chro- 
mium Steel Samples. XxX 1. 


grees Cent.). The appearance of the samples subjected to the free 
bend tests are shown in Fig. 11. 

The picture on the right shows the condition of the as-welded 
sample, while the picture on the left shows the condition of the 
stress-relieved sample after bending. The absence of brittleness 
both in the weld and adjacent areas is well illustrated by this photo- 
graph. The as-welded sample cracked in the weld on bending, but 
as previously stated, this did not occur until the weld metal had 
elongated 18 per cent. 


SUMMARY 


This investigation has shown that wrought 3 per cent chromium 
steel containing up to 0.10 per cent carbon is at least five times as re- 
sistant to atmospheric corrosion in industrial atmospheres as ordi- 
nary low-carbon steel. At elevated temperatures the low-carbon 3 
per cent chromium steel is superior to ordinary carbon steel. It 
possesses good resistance to oxidation at temperatures up to about 
1200 degrees Fahr. (650 degrees Cent.), whereas ordinary carbon 
steel is considered unsuitable for temperatures in excess of about 
1000 degrees Fahr. (540 degrees Cent.). 

The low-carbon 3 per cent chromium steel is relatively free of 
air hardening, as demonstrated by tests on samples air-cooled from 
1650 degrees Fahr. (900 degrees Cent.). After this treatment the 
steel is soft, ductile, and tough. Annealing at subcritical tempera- 


wa 
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tures (1340 degrees Fahr.) also softens the steel and imparts high 
ductility and toughness with a comparatively high yield strength at 
0.2 per cent offset. The steels have good toughness at temperatures 
down to —190 degrees Fahr. (—125 degrees Cent.) when previously 
given the subcritical annealing treatment at 1340 degrees ‘Fahr. (725 
degrees Cent.), but their toughness is not so high at the low tempera- 
tures when the steel has been previously normalized at 1650 degrees 
Fahr. (900 degrees Cent.). 

The low-carbon 3 per cent chromium steel has good fabricating 
properties. According to the experience on the small ingots it can 
be hot-rolled in substantially the same manner as ordinary carbon 
steels. Its high ductility makes it possible to bend or otherwise form 
sections of the steel either hot or cold into any article produced from 
ordinary carbon steel. The 3 per cent chromium steel can be welded ; 
and the welds have good toughness at room temperature and at tem- 
peratures down to —40 degrees Fahr. (—40 degrees Cent.). 

The utility of the low-carbon 3 per cent chromium steel becomes 
apparent when its good fabricating properties and resistance to at- 
mospheric deterioration are jointly considered. Articles of the steel 
such as roofing, gutters, drain pipes, and other parts exposed to 
weathering will last for long periods. Fence wire represents another 
article to be made from the steel, as well as certain structural parts 
for applications in which atmospheric corrosion is a serious menace. 


. 


DISCUSSION 


Written Discussion: By G. DeVries, assistant metallurgist, National 
Bureau of Standards, Washington, D. C. 

In Fig. 6, the author has shown that the hardness of l-inch rounds cooled 
from 1650 degrees Fahr. (900 degrees Cent.) in air increases markedly with 
chromium in excess of about 3 per cent. Since the cooling rates obtained by 
cooling in air will vary with the size of the specimens, it is to be expected that 
the location of the break in Curve 2 would change with the size of the specimen. 
Possibly its position would be shifted to the left with smaller and to the right 
with larger rounds than those used by the author. Would the increase in cool- 
ing rate, due to a change from 1 to %-inch round or to some size normally 
used for cold drawing wire, be sufficient to cause air hardening of the 3 per 
cent chromium steel? If this steel does show an appreciable increase in hard- 
ness by cooling the smaller sections in air, then its use for the production of 
wire would result in some increase in cost over that of low-carbon steel due to 
the necessity for additional annealing or for the use of a higher powered cold 
drawing process. 
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Oral Discussion 


W. P. Woop:* In the last photomicrograph that Mr. Franks presented, he 
called attention to a structure that he designated pseudomartensite. Was there 
any difference in the corrosion characteristics where such a structure existed 
as compared to the more or less spheroidized structure? 

GLENN R. INnGiLEs:* Mr. Franks is to be congratulated for his very excel- 
lent paper. 

I would like to ask one question and that is: What is the effect of nitrogen 
on the air hardening properties of the 3 per cent chromium steel? 

N. A. Zrecier:® Corrosion resistance of chromium steels is affected, to a 
considerable extent, by their structural characteristics developed by heat treat- 
ing. It should be remembered that steels containing over 2 per cent chromi- 
um and 0.1 per cent carbon are more or less air hardening. This means that 
<ven on relatively slow cooling they pass through a suppressed transformation 
and possess martensitic or bainitic structures. Upon drawing, this structure is 
broken up into fine carbides dispersed in a ferritic background. 

On the other hand, if one of these steels is austenitized and then cooled 
down and held at 1290 to 1330 degrees Fahr. (700 to 720 degrees Cent.), it 
passes through an isothermal transformation and results in a pearlito-ferritic 
structure. 

We have no data on standard corrosion testing of steels thus treated, but 
we know from our metallographic experience that normalized and drawn, or 
quenched and drawn steels are much less susceptible to metallographic acid 
reagents’ attack than similar steels isothermally treated. This seems to be an 
indication that the former are more “corrosion resistant” than the latter. 

; 


Author’s Reply 


The discussion by Mr. DeVries in which he raises the question of the effect 
of thickness of section on the air hardening characteristics .of the low-carbon 3 
per cent chromium steels is an extremely important one in view of the possible 
use of this steel in the form of fence wire. He has asked whether the increase 
in. cooling rate brought about by changing the section from a 1l-inch round bar 
to a %-inch round rod would cause the metal to air harden appreciably on 
normalizing. The Rockwell B data of Table III obtained on normalizing 20- 
gage sheet of the low-carbon 3 per cent chromium steel are pertinent, as sheet 
of this thickness represents an extreme condition in regard to the cooling rate 
when heated at 1650 degrees Fahr. (900 degrees Cent.) and air-cooled. It is 
shown that sheet heated for 2 hours at 1340 degrees Fahr. (725 degrees 
Cent.) and air-cooled has a Rockwell B value of 66, whereas after heating for 
10 minutes at 1650 degrees Fahr. (900 degrees Cent.) and air cooling the 
sheet has a Rockwell B value of only 75. This shows an increase in hardness 
over the fully softened sheet, but it is clear that the metal is still in a soft state. 
Other data on %-inch thick sheet and ™%-inch thick plate show that the low- 
% ’Professor of metallurgical engineering, University of Michigan, Ann Arbor, Mich. 


‘Metallurgical consultant, Cook Heat Treating Co., Houston, Texas. 
*5Research metallurgist, Crane Co., Chicago. 
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carbon 3 per cent chromium steel will not greatly harden if it is air-cooled 
from about 1650 degrees Fahr. (900 degrees Cent.). It is therefore our opinion 
that wire of the low-carbon 3 per cent chromium steel can be air-cooled from 
1650 degrees Fahr. (900 degrees Cent.) without causing the metal to seriously 
air harden. 

Mr. Ingles has raised a question in regard to the effect of nitrogen on the 
air hardening properties of the low-carbon 3 per cent chromium steel. Our 
experience shows that the maximum percentage of nitrogen that can be re- 
tained in stable combination in high chromium steels is approximately one- 
hundredth of the chromium content. This means that the low-carbon 3 per cent 
chromium steel could retain as much as 0.03 per cent nitrogen, which in our 
opinion would cause the steel to become more subject to air hardening than if 
the nitrogen is held, as in the present steels, in the range 0.01 to 0.015 per cent. 
It is not believed that the presence of 0.03 per cent nitrogen would cause these 
steels to harden to such an extent that the metal would become relatively brit- 
tle. The effect of nitrogen is to harden the high-chromium steels without 
greatly reducing their toughness. 

Mr. Ziegler’s comments on the effect of structure on the corrosion resist- 
ance of the steels is in accordance with our experience. He states that in gen- 
eral the high-chromium steels are more resistant to corrosion in the normalized 
and drawn, or quenched and drawn condition than they are in the fully softened 
condition. The structural effect on the corrosion resistance of the high-chro- 
mium steels is also greatly influenced by the percentage of carbon the steels 
contain. When the carbon content is high, the difference between the corro- 
sion resistance of the normalized and drawn, or quenched and drawn steels, and 
that of the fully softened steels is quite appreciable. On the other hand, if the 
carbon content is low, the difference in the corrosion resistance after the re- 
spective heat treatments is nowhere nearly as great. This is well illustrated 
by work done on the cutlery type of stainless steels, and on the lower carbon 
stainless steels of approximately the same chromium content known as the rust- 
less irons. Thus, it can be stated, in answer to Professor Wood’s question, 
that the corrosion resistance of the low-carbon 3 per cent chromium steels 
would not be greatly influenced by changes in structure resulting from differ- 
ent heat treatments. 
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